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I .  INTRODUCTION -- 

During Phase  I of t h i s  program, v a r i o u s  techniques  f o r  p o s i -  
t i o n i n g  and r e t a i n i n g  s p a c e c r a f t  p ropu l s ion  system p r o p e l l a n t s  
f o r  engine r e s t a r t  i n  t h e  presence  of u p s e t t i n g  body f o r c e s  from 
t h e  v e h i c l e  maneuvers were s t u d i e d .  The primary goa l  of t h e  pro- 
p e l l a n t  c o n t r o l  scheme was t o  p rov ide  g a s - f r e e  l i q u i d  f e e d  t o  t h e  
engine  w i t h o u t  t h e  u s e  of a u x i l i a r y  p ropu l s ion  f o r  p r o p e l l a n t  
s e t t l i n g  maneuvers. 

The r e f e r e n c e  c o n f i g u r a t i o n  used ?or  t h e  s tudy  was t h e  Apol lo  
s p a c e c r a f t  p ropu l s ion  tankage .  A s k e t c h  of t h e  tank envelope i s  
shown i n  Fig. 1-1. The g u i d e l i n e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t he  
system a r e  p r e s e n t e d  i n  Tab le  1-1. The des ign  goa l s  f o r  t h e  ad-  
vanced p r o p e l l a n t  management system des igns  a r e  p re sen ted  i n  
Tab le  1 -2 .  The e v a l u a t i o n  was d i v i d e d  i n t o  two d i f f e r e n t  a r e a s ,  
s ~ l b ~ j e c t  t o  t h e  fo l lowing  l i m i t a t i o n s  : 

1)  No hardware changes t o  t h e  system a s  o u t l i n e d  i n  
Table  1-1 and F i g .  1-1; 

2) No hardware l i m i t a t i o n s  ( a n y  change t o  t he  c o n f i g u r a -  
t i o n  i s  p e r m i s s i b l e  w i t h i n  t h e  ex is t i .ng  tankage en-  
ve lope )  , 

As d i s c u s s e d  i n  t he  Phase I r e p o r t  (Ref 1 -1)  , s i x  c a t e g o r i a e  
of p r o p e l l a n t  management systems were e v a l u a t e d :  nonmetallic,  - 
b ladde r s  and diaphragms, m e t a l l i c  b l a d d e r s  and diaphragms, c a p i -  
l l a r y  f o r c e s ,  s l i d inp ,  s e a l  p i s t o n s ,  m e t a i l i c  bel lows,  and misce l -  
laneous sys tems .  A summary of t h e  r e s u i t s  of t h e  e v a l u a t i o n  a r e  
p resen ted  i n  Table  1-3. Based on t h e s e  r e s u l t s ,  a  c a p i l l a r y  pro- 
p e l l a n t  management system was s e l e c t e d  as t h e  on ly  technique  of 
s u f f i c i e n t  m e r i t  t o  b e  recommended f o r  f u r t h e r  s t u d y .  

C a p i l l a r y  p r o p e l l a n t  management sys  tems were s e l e c t e d  f o r  t he  
Phase I1 d e d - a i l  de s ign  s tudy  f o r  b o t h  t h e  no-hardware-change and 
t h e  no-hardware- l imi ta t ion  c o n d i t i o n s .  This  r e p o r t  p r e s e n t s  t h e  

I r e s u l t s  of t h i s  des ign  s tudy  . Both a n a l y t i c a l  and expe r imen ta l  
r e s u l t s  a r e  i n c l u d e d .  

. , The r e s u l t a n t  c a p i l l a r y  system des igns  a r e  l i g h i w e i g h t ,  v e r s a -  . . 
t i l e ,  and provide  comple te ly  p a s s i v e  p r o p e l l a n t  c o n t r o l  c a p a b i l i t y .  - * .  

. . \- . - I 
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Table 1-1 Propulsion System C h a r a c t e r i s t i c s  

Gaging System 
Still Iiell 

1 
* ! 1 

I * ;  
I -4 

Tank Outlet 

Fig .  1-1 Oxidizer and Fuel Tanks 
I 

Number o f  R e s t a r t s  0 4 50 

Burn Durat ion 1 sec  + p r o p e l l a n t  d e p l e t i o n  

H 

O s i d  i z e r  \- X i  t ragen  Te t r o ~ i c i t  , ,,-U, 

FUC 1 502 0, - 507, (CIb), S,H- ( b . ~ . )  

Pressurznt  G 2 s :  IIe 1 ium 

Ente r ing  Temperature -50 -, +120°F 

Tank Vo lume 161.3 f t3  (see Fig.  1) 

Opera+xing Pressure  175 t o  200 ps ia  (nominal) 

Oxid izer  F l o m a  t e  39,26 l b  / sec  
m 

Fuel F l o m a  t e  24.54 l b  / s e c  
m 

Feed Line Diameter 3 . 0  ia. 

Acce le ra t i an  Levels:  

+g boost  0 -- 7.35 

opera t i o n  0.33 -, 0.94 

-g 0 - 0.2 

I 
h3 

z 
c3 
F' 
I 
m 
\D 

Transverse g -0.009 -* +O. 009 

R o l l  g -0,001 -+ +O 001 ( 5  deg/sec) 

R e s t a r t  Condit ion < l ~ - ~ ~  5 sec p r i o r  t o  res tart  - 
P i t c h  Rate  5 deg/sec  

V i  bra t ion  Leve 1 s 10  t o  1000 cps a t  3 db/octave i n c r e a s e  

1000 t o  1500 cps a t  0.3 g2/cps spec- 
t r a l  d e n s i t y  

Decrease a t  6 dbloctave  

Time: 700 sec  i n  each o f  t h r e e  axes 

Engine Duty Cycle: 
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Table  1-2 System Design Goals 

P r i o r i t y  I 

1) P a s s i v e  o p e r a t i o n  (no a u x i l i a r y  p ropu l s ion  s e t t l i n g  
r e q u i r e d )  ; 

2) 99.5  p e r c e n t  e x p u l s i o n  e f f i c i e n c y  ( b y  volume) ; 

3) 10 l ' b l t ank ;  

4) No p r e s s u r a n t  gas  i n g e s t i o n  a t  t ank  o u t l e t .  

P r i o r i t y  I1 
w- 

1)  Not a f f e c t e d  by p r o p e l l a n t  s l o s h ;  

2)  Opera t ion  i n  e i t h e r  n e g a t i v e  o r  p o s i t i v e  a c c s l r r a t i o n  
f i e l d ;  

3) No hardware changes t o  t h e  p ropu l s ion  system as o u t -  
l i n e d  i n  Table  1-1 and F i g .  1-1; 

4)  No engine  du ty  c y c l e  l i m i t a t i o n s ;  

5) No o f f - l o a d  p r o p e l l a n t  l i m i t a t i o n s  ; 

6) M u l t i c y c l e  c a p a b i l i t y ;  

7 )  P r o p e l l a n t  exposure  t o l e r a n c e  of system i n  t h e  r ange  
of one yea r  w i thou t  rep lacement ;  

8) S e r i e s  tankage c a p a b i l i t y .  



Table 1-3 Propellant Control Systems Evaluation Summary 

t ~ a n k  we igh t  a d d i t i o n s  due  t o  c o n f i g u r a t i o n  change  n o t  i n c l u d e d .  I 
I *Rela  l i v e  R a t i n g s  - 1 th rough  5 where  1 r e p r e s e n t s  b e s t  r a t i n g  and 5 p o o r e s t .  No a b s o l u t e  v a l u e  s i g n i f i -  

cance  i s  i n t e n d e d .  I 



11. DESIGN CONFIGURATIONS 

A]-though a  primary o b j e c t i v e  of t h e  propel  l a n t  management s y s -  
tem d e s i g n s  cons idered  was t o  be a d a p t a b l e  t o  t h e  p ropu l s ion  system 
c o n f i g u r a t i o n  a s  o u t l i n e d  i n  F i g .  1-1 wi thout  any hardware changes ,  
t h e  e v a l u a t i o n  a l s o  inc luded  d e s i g n s  t h a t  were no t  r e s t r i c t e c +  t o  
any hardware l i m i t a t i o n s .  I n  b o t h  c a s e s  a  c a p i l l a r y  system was s e -  
l e c t e d  a s  t h e  most promisi.ng t echn ique .  The recommended conf i g u r a -  
t i o n  f o r  t h e  no-hardware-change r e s t r i c t  ion  ( r e t r o f i t  c a p a b i l i t y  iu 
t h e  e x i s t i n g  tankage)  i s  shown i n  F ig .  11-1 w i t h  t h a t  f o r  t h e  no- 
ha rdware - l imi t a t i on  c a s e  shown i n  F ig .  IS-2.  An i d e n t i c a l  d e s i g n  
i s  used f o r  bo th  t h e  f u e l  and o x i d i z e r  t anks .  The p r o p e l l a n t  prop- 
e r t i e s  a r e  such t h a t  i n  g e n e r a l  t h e  o x i d i z e r  system was t h e  primary 
s i z i n g  c o n s i d e r a t i o n .  Use of t h e  same des ign  f o r  both  p r o p e l l a n t s  
t hen  r e s u l t s  i n  n wider  performance margin f o r  t h e  f u e l  t ank .  

Both des igns  a r e  f u n c t i o n a l l y  s i m i l a r  w i t h  t h e  only  b a s i c  d i f -  
f e r e n c e s  be ing  t h e  added suppor t  s t r u c t u r e  f o r  t h e  r e t r o f i t  de s ign  
t o  permit  i n s t a l l a t i o n  of  t h e  d e v i c e  th rough  t h e  t ank  manhole, and 
t h e  c o n c e n t r i c  sump around t h e  s t i l l w e l l  t o  adapt  t h e  d e s i g n  t o  t h e  
e x i s t i n g  s t i l l w e Z l  and gaging system. The e v a l u a t i o n  of  t h i s  con- 
f i g u r a t i o n  r a t h e r  t han  o t h e r  p o t e n t i a l  c a p i l l a r y  c o n f i g u r a t i o n s  
such a s  t o t a l  l i n e r s ,  coXlec t ion  d u c t s ,  o r  s imple  l a t e r a l  b a r r i e r s  
1s d i scussed  i n  pages 56 t o  6 7  of  t h e  Phase I r e p o r t  (Ref 1 -1 ) .  

The primary v a r i a b l e s  t h a t  i n f luenced  t h e  s e l e c t e d  d e s i g n  were 
t h e  o p e r a t i o n a l  a c c e l e r a t i o n  environment ,  a s  shown on F ig .  11-3, 
and t h e  requirement  f o r  50 r e s t a r t s  independent of  t h e  system t h r u s t  
p r o f i l e .  The r e s t a r t  requirement  de te rmines  t h e  maximum q u a n t i t y  
of  t rapped  p r o p e l l a n t  r e q u i r e d  w h i l e  t h e  a c c e l e r a t i o n  environment 
i s  t h e  primary s i z i n g  c r i t e r i a  f o r  t h e  c a p i l l a r y  b a r r i e r  r e c e n t i o n  
requi rements  . 

The o p e r a t i n g  ph i losophy  of bo th  d e s i g n s  i s  i d e n t i c a l  and 
t h e r e f o r e  s e p a r a t e  d i s c u s s i o n  and a n a l y s i s  a r e  no t  r e q u i r e d .  Bas- 
i c a l l y  t h e  p r o p e l l a n t  management system c o n s i s t s  of two compart-  
ments l o c a t e d  over  t h e  t a n k  o u t l e t ,  a s  shown s c h e m a t i c a l l y  i n  F i g .  
11-1 and 11-2. The compartments a r e  formed by pbrous c o n i c a l  b a r -  
r i e r s  a c r o s s  t h e  t a n k  d i ame te r .  The b a r r i e r s  o f f e r  ve ry  l i t t l e  
r e s i s t a n c e  t o  l i q u i d  f low,  bu t  when i n  a wet ted  c o n d i t i o n  p rov ide  
a  r e l a t i v e l y  h igh  r e s i s t a n c e  t o  gas  p e n e t r a t i o n .  The re fo re  by 
proper  pore  s i z e  s e l e c t i o n  t h e  c o n i c a l  b a r r i e r s  form a  p r e s s u r e -  

ments d u r i n g  adve r se  a c c e l e r a t i o n  environments.  
t f 

., * 







The compartment immediately over  t h e  o u t l e t  c o n t a i n s  a  c a p i l l a r y  
b a r r i e r  a d j a c e n t  t o  t l  e  t ank  w a l l  ( sc reen  l i n e r )  t h a t  p r e v e n t s  gas  
i n g e s t i o n  t o  t h e  o u t l e t  u n t i l  t h e  l i q u i d  i n  t h e  compartment has  
been comple te ly  e x p e l l e d .  The volume con ta ined  w i t h i n  t h e  two com- 
par tmects  i s  approximate ly  22 cu  f t ,  which i s  t h a t  r equ i r ed  t o  re - -  
s t a r t  t h e  engine 50 t i m e s .  The upper compartment c o n t a i n s  17 cu 
f t  w i t h  5 cu f t  i n  t h e  lower compartment. During o p e r a t i o n  a l l  
of t h e  l i q u i d  i n  t h e  t a n k  i s  d ra ined  i n t o  t h e  lower compartment 
be fo re  d e p l e t i o n  of  t h i s  compartment. During s t e a d y - s t a t e  t h r u s t -  
i n g  i n  excess  of t h e  p r o p e l l a n t  r e s e t t l e  t ime ,  t h e  compartments 
w i l l  beg in  t o  r e f i l l  w i t h  l i q u i d  purging any t rapped  u l l a g e  i n t o  
t h e  main t ank  u l l a g e  a r e a  due t o  t h e  h y d r o s t a t i c  head developed 
i n  t h e  l i q u i d .  Because r e f i l l  i s  no t  r equ i r ed  t o  meet t h e  miss ion  

I r equ i r emen t s ,  t h i s  f e a t u r e  makes t h e  compartment c a p a c i t y  h i g h l y  
c o n s e r v a t i v e .  

A ,  DESIGN DESCRIPTION OF NO-HARDWARE -MODIFICATION CONFIGURATION 

The SPS p r o p e l l a n t  r e t e n t i o n  s t r u c t u r e  i s  des igned a s  a  modular 
assembly t o  be i n s t a l l e d  through t h e  tank  manhole. The d e s i g n  i s  

tl, shown i n  F i g .  11-4.  The o u t e r  s t r u c t u r e  assembly (-009) i s  a t t a c h e d  
t o  t h e  i n s i d e  f l a n g e  o f  t h e  tank  manhole a t  t h e  e x i s t i n g  a t tachment  
h o l e s .  The upper suppor t  of t h i s  assembly i s  mainta ined u s i n g  a  
preloaded r i n g .  T h i s  r i n g  i s  pre loaded i n  compression t o  al-low t h e  
r i n g  t o  expand w i t h  t h e  t a n k  wa l l  when t h e  tank  i s  p r e s s u r i z e d .  

, 

The f o u r  t e n s i o n  spokes connec t ing  t h e  r i n g  t o  t h e  middle s c r e e n  
i n n e r  f l a n g e  s t a b i l i z e  t h e  r i n g  and t i e  t h e  upper s t r u c t u r e  t o g e t h e r .  
The t ank  d e f l e c t i o n  d u r i n g  p r e s s u r i z a t i o n  w i l l  a l l ow  t h e  upper r i n g  
t o  expand, The expansion ho lds  t h e  middle s c reen  o u t e r  s e a l  a g a i n s t  
t h e  t ank  by means o f  t h e  t e n s i o n  spokes .  The lower assembly has  I 

t e n s i o n  s t r a p s  a c r o s s  t h e  lower c o r n e r s  t o  s t a b i l i z e  t h e  s t r u c t u r e .  I 

A l l  t e n s i o n  members a r e  used t o  hold  t h e  o u t e r  f l a n g e s  i n  p l a c e  I 

d u r i n g  n e g a t i v e  a x i a l  a c c e l e r a t i o n s .  
I 

The i n n e r  t ube  of  t h e  o u t e r  s c r e e n  assembly (-009) p rov ides  a  
I 

d i r e c t  load  p a t h  connec t ing  t h e  s c r e e n s  and t h e  t e n s i o n  spoke hub 
w i t h  t h e  manhole r i n g .  T h i s  tube  a l s o  prov ides  c l o s e  t o l e r a n c e  I 

s e a l  r e t a i n e r s  t h a t  a r e  one-piece  r i n g s  p rov id ing  bo th  s t r u c t u r a l  
c o n t i n u i t y  o f  t h e  o u t e r  s c r een  assembly a \ ~ d  s e a l i n g  s u r f a c e s  f o r  1 '  

3 
:s t h e  i n n e r - t o - o u t e r  s c r e e n  j o i n t s .  
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Note- All materials 300 series staizless -- 
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The i n n e r  screen  assembly (-019) c o n s i s t s  of an annular  chamber 
w i t h  screens  i n s t a l l e d  wi th in  t h e  annulus a s  shown. This  assembly 
i s  i n s t a l l e d  on t h e  manhole door s o  t h a t  when t h e  door i s  i n s t a l l a d ,  
t h e  tube shoulders  w i l l  mate w i t h  t h e  s e a l s  of t h e  o u t e r  screen  a s -  
sembly (-009). The double tube r e s u l t i n g  from assembly and s e a l i n g  
requirements  provides a d d i t i o n a l  s t a b i l i z i n g  of t h e  screen  s t r u c -  
t u r e .  The tubes  a r e  per fora ted  t o  permit r e l a t i v e l y  u n r e s t r i c t e d  
l i q u i d  flow between t h e  compartments. 

The t o t a l  weight of t h e  SPS p rope l l an t  r e t e n t i o n  s t r u c t u r e  i s  
19 l b .  This  design was based on achieving  t h e  l i g h t e s t  weight 
s t r u c t u r e  compatible wi th  t h e  assembly r e s t r i c t i o n s .  The 19- lb  
weight of t h e  design should be considered a  minimum a s  der ived  
from approximated s t  s a d y - s t a t e  load f a c t o r s .  

Assembly Descri-ption (No Hardware Modif icat ion)  - Procedures 
f o r  i n s t a l l a t i o n  of LAB-0211621-009 assembly through t h e  manhole 
i n  t h e  t anks  V37-343102 NAA f o r  SPS Propel lan t  Retent ion Assembly 
a r e  presented  below: 

1 )  Each annular  screen  i s  preassembled before i n s t a l l a t i o n .  
There a r e  13 assemblies  which inc lude :  p lea ted  sc reen ,  
l e g  a n g l e s ,  edge a n g l e s ,  f l a t  r i n g .  Figure 11-5(a) 
shows a d e t a i l  view wi th  t h e  v a r i o u s  p a r t s  i d e n t i f i e d ;  

2) The f i r s t  p a r t  t o  be placed i n  t h e  tank through t h e  
manhole i s  the  t i t an ium support  r i n g  assembly. This  
assembly inc ludes  a  t i t a n i u m  tube (square)  wi th  threaded 
ends and brackets  i n  four  p laces .  The r i n g  i s  ad jus ted  
i n  compression t o  845 l b  [Fig .  11-5(b)] ;  

i 3 )  The f i r s t  of t h e  13 assemblies  from s t e p  1 )  i s  bol ted  
t o  t h e  i n t e r n a l  f l ange  of t h e  tank .  The second of t h e  

J ' 
13  assemblies  i s  bol ted  t o  t h e  f l ange  and bol ted  wi th  

'?.j 
! 

A "  

angle  b racke t s  and t e n s i a n  support  holders  t o  t h e  f i r s t  
screen  assembly. This  procedure i s  continued u n t i l  t h e  
13 screen  assemblies  a r e  bol ted  t o  the  f l ange  and t h e  
ad jo in ing  screen assembly [see Fig.  11-5 (c )  1. A s e a l  

*.. weld between edge angles  and l e g s  f o r  s e a l i n g  i s  com- 
p le ted  a s  each screen  assembly i s  placed i n  t h e  t ank ,  

, , Fig .  11-5 (a)  ; 

I '* 
4 )  I n s t a l l  t h e  e x t e r n a l  lower tube i n t o  the  tank  and s e a l  

weld t o  t h e  screen  s e c t i o n s  [Fig. 11-5 (a ) ] ;  
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6 )  P o s i t i o n  t e n s i o n  s t r a p s  and b o l t  w i t h  n u t s ,  l o c k  washer$,  
and s a f e t y  w i r e .  Adjust  t h e  t e n s i o n  of t h e  s t r a p s  by 
hand,  t i g h t e n i n g  t h e  nut  on t h e  t o p  b r a c k e t  ; 

7 )  I n s t a l l  lower p e r f o r a t e d  p l a t e  and sc reen  b a r r i e r  s e c -  
t i o n s  and r e s i s t a n c e  weld i n  p l a c e ;  

8)  RCvet i n  s e a l  and hclddown r i m  t o  lower s c r e e n  assemb- 
l i e s  [ F i g .  IX-5cI; 

9) Rivet upper t e n s i o n  s t r a p  b r a c k e t  t o  t h e  s c r e e n ,  p l a t e ,  
and t e e  ( f o u r  ~ l a c e s ) ,  s ee  F i g .  11-5(d);  

10)  R ive t  upper e x t e r n a l  t ube  s e c t i o n  t o  s e a l  h a l d e s  and 
b r a c k e t s  [Fig.  11-5 (d) ] ; 

11)  R ive t  s e a l  h o l d e r  and b r a c k e t s  t o  ugper t u b e  and s e a l  
weld a s  shown i n  F i g .  11-5[d] ;  

12)  I n s t a l l  f o u r  upper t e n s i o n  s t r a p s  and i. j u s t  t e n s i o n  by 
hand t i g h t e n i n g  n u t s  ; 

13)  R ive t  upper t e e  s e c t i o n  t o  t h e  t o p  of e x t e r n a l  t o p  t u b e ;  

1.4) I n s t a l l  s c r e e n  and p l a t e  i n  11 s e c t i o n s  and r e s i s t a n c e  
weld where needed; 

15)  R i v e t  s e a l  and upper p l a t e  t o  upper  s u p p o r t  r i n g  [ ~ i ~ .  
11-Se] . 

Assembly -019 i s  i n s t a l l e d  on t h e  c o v e r p l z t e  and t h e  system i n s t a l -  
l a t i o n  completed by b o l t i n g  t h e  c o v e r p l a t e  o n t o  t h e  t a n k  manhole. 

B. DESIGN DESCRIPTION OF NO-HARDWARE-LIMITATION CONFLGURAl'ION 

The no -ha rdware - l imi t a t i on  des ign  shown i n  drawing LAB-0211620 
(Fig .  11-6) ,  u s e s  i n t e g r a l  f l a n g e s  on t h e  dome t o  a t t a c h  t h e  r e t e n -  
t i o n  system c o v e r p l a t e  edges.  The s c r e e n  s t r u c t u r e  i s  i n s t a l l e d  
i n  t h e  dome b e f o r e  t a n k  c l o s u r e  s o  t h a t  a  minimum number o f  p a r t s  
i s  used.  The s c r e e n  s t r u c t u r e  i s  e doubie  t e n t  arrangement w i t h  
a  c e n t e r  s u p p o r t .  The c e n t e r  t u b e  has  a  quadrapad f o o t  des ign  t o  
a l l o w  f low i n t o  t h e  c e n t e r e d  o t l t l e t .  The f o o t  i s  s t a b i l i z e d  by a  
r i n g  t h a t  s e a t s  on t h e  o u t l e t .  The t o p  s c r e e n  i s  p re loaded  a t  t h e  
c e n t e r  p o l e  by t h e  a d j u s t a b l e  a t tachment  t o  hold t h e  c e n t e r  p o l e  
f i r m  on t h e  t a n k  bottom. The only a t tachment  t o  t h e  t a n k  i s  a t  
t h e  screen-dome j u n c t u r e s .  The o u t l e t  f l a n g e  has  a s e a t  f o r  t h e  
c e n t e r  p o l e  f o o t  r i n g  f o r  l a t e r a l  load c a p a b i l i t y  and i n s t a l l a t i o n  
l o c a t i o n .  The upper cone o u t e r  edge i s  f i r m l y  a t t a c h e d  t o  t h e  w a i l  
f l a n g e  l o c a t e d  a t  t h e  j u n c t i o n  of  t h e  c y l i n d r i c a l  and s p h e r i c a l  
s e c t i o n s .  The lower cone edge i s  a t t a c h e d  t c  t h e  f l e x i b l e  convu la t e  
r i n g ,  whish i n  t u r n  i s  a t t a c h e d  t o  t h e  t a n k  w a l l  f l a n g e  (P ig .  11-7). 
The convo lu t e  j o i n t  pe rmi t s  expansion o f  t h e  dome d u r i n g  press r i r i za -  
t i o n  wi thou t  s t r u c t u r a l  f a i l u r e .  







C . OPERATIONAL CHARACTERIZATION 

The r e s e r v o i r  b a r r i e r s  a r e  designed t o  r e t a i n  p r o p e l l a n t  a g a i n s t  
t h e  d i s t u r b i n g  f o r c e s  from v e h i c l e  maneuvers and t o  p revent  e a s  " 
p e n e t r a t i o n  i n t o  t h e  t a n k  o u t l e t  d u r i n g  l i q u i l  r e s e t t l e  r e s u l t i n g  
from system t h r u s t  bu i ldup .  The s p e c i f i c  maneuvers involved  a r e  

- - 
t h e  0 . 2 - g  n e g a t i v e  a x i a l  and t h e  40.009-g t r a n s v e r s e  a c c e l e r a t i o n s  
and t h e  l oads  induced by t h e  p i t c h  and r o l l  r a t e s  of 5 deg / sec  ( s ee  
Table  1 - 1 ) .  

A s k e t c h  of t h e  c a p i l l a r y  system under n e g a t i v e  a x i a l  a c c e l e r a -  
t i o n  i s  shown i n  F i g .  XI-8. The c o n i c a l  d e s i g n  of t h e  b a r r i e r  r e -  
s u l t s  i n  a h y d r o s t a t i c  head p r e s s u r e  g r a d i e n t  a c r o s s  t h e  b a r r i e r  
due t o  t h e  a c c e l e r a t i o n  environment.  T h i s  p r e s s u r e  g r a d i e n t  t ends  
t o  cause  t h e  gas  t o  want t o  e n t e r  a t  t h e  low-pressure  r e g i o n  w i t h  
t h e  l i q u i d  d r a i n i n g  from t h e  h i g h - p r e s s u r e  a r e a  a s  i n d i c a t e d  i n  
t h e  f i g u r e .  The d r i v i n g  p o t e n t i a l  f o r  t h e  u l l a g e  a c r o s s  t h e  p e r -  
f o r a t e d  p l a t e  p o r t i o n  of t h e  b a r r i e r  i s  caused by t h e  h y d r o s t a t i c  
head d i f f e r e n c e  between p o i n t s  2 and 3 ;  whi l e  t h a t  f o r  t h e  w i r e  
c l o t h  i s  t h e  d i f f e r e n c e  between p o i n t s  1 and 3 .  The h y d r o s t a t i c  
r e t e n t i o n  l i m i t s  of  t h e  c o v e r p l a t e  d e s i g n s  a r e  shown on F i e .  11-9 
- - u - 

f o r  a  range of a c c e l e r a t i o n s .  As shown t h e  c o v e r p l a t e s  a r e  s t a b l e  
e t  t h e  0 .2 -g  d e s i g n  requi rements .  





In  a d d i t i o n  t o  r e t e n t i o n  under a x i a l  d i s tu rbances  t h e  b a r r i e r s  
must prevent l i q u i d  l o s s  under l a t e r a l  a c c e l e r a t i o n .  The system 
under l a t e r a l  a c c e l e r a t i o n  i s  shown schemat ica l ly  i n  F ig .  11-10 
( f o r  s i m p l i c i t y  only one compartment i s  shown). A s  before  t h e  
c a p i l l a r y  b a r r i e r s  must prevent gas  p e n e t r a t i o n  due t o  t h e  p res -  
s u r e  g rad ien t  developed a l l ~ n g  the  b a r r i e r  i n t e r f a c e  a s  a  r e s u l t  
of t h e  d i f f e r e n t  l i q u i d  le.ctels i n  t h e  compartment and t h e  t ank  
(po in t s  1 and 2 on t h e  f i g u r e ) .  The p ressu re  d i f f e r e n c e  developed 
depends on t h e  q u a n t i t y  of l i q u i d  i n  t h e  r e s e r v o i r  and i n  t h e  r e s t  
of t h e  tank .  The wors t -case  s i t u a t i o n  i s  w i t h  t h e  r e s e r v o i r  100% 
f u l l  and t h e  remaining tank  volume completely empty. A p l o t  of 
t h e  r e t e n t i o n  c a p a b i l i t y  a s  a func t ion  of a c c e l e r a t i o n  and t h e  pe r -  
c e n t  of p r o p e l l a n t  i n  t h e  tank  i s  shown i n  Fig .  11-11 The system 
i s  designed t o  r e t a i n  a g a i n s t  t h e  0.009 g  l a t e r a l  a c c e l e r a t i o n  r e -  
quirement w i t h  a  s a f e t y  f a c t o r  of two f o r  t h e  n i t rogen  t e t r o x i d e  
t ank .  The des ign  margin of t h e  b a r r i e r s  i n  t h e  f u e l  t ank  would be 
even g r e a t e r  due t o  t h e  h igher  s u r f a c e  t e n s i o n  va lue  and lower 
d e n s i t y  of t h e  p r o p e l l a n t .  

Liquid Drainage 

7 

Tank Accelera t ion  

'4 Fig ,  11-10 C a p i l l a r y  System Schematic f o r  L a t e r a l  Acce le ra t ion  
i 
4 
I 

The hydrodynamic s t a b i l i t y  of t h e  coverp la te  des igns  i s  much 
more d i f f i c u l t  t o  e s t a b l i s h .  For t h e  case  where no excess  l i q u i d  
e x i s t s  above t h e  c o v e r p l a t e ,  the  c r i t e r i a  a s  presented above f o r  

I t h e  h y d r o s t a t i c  case  has been shown t o  be v a l i d  f o r  both l a t e r a l  
1 
I and a x i a l  a c c e l e r a t i o n  (Ref 11-1). However t h i s  cond i t ion  i s  ex- 
I 

J t remely u n l i k e l y  i n  an a c t u a l  s p a c e c r a f t  a p p l i c a t i o n ;  r a t h e r  t h e  
i 

.t. 

l i q u i d  l e v e l  w i l l  more probably be above o r  below t h e  b a r r i e r .  
- I  
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U n s t a b l e  R e g i o n  



For t h e  a x i a l  n e g a t i v e  acce l . e r a t i on ,  bo th  t h e  c a s e  of exces s  and 
no exces s  of  l i q u i d  ove r  t h e  b a r r i e r  a t  t h e  t ime  of  t h e  i n i t i a t i o n  
of a x i a l  a c c e l e r a t i o n  would r e p r e s e n t  a c o n d i t i o n  analogous t o  t h e  
h y d r o s t a t i c  s t a b i l i t y  c a s e .  The exces s  l i q u i d  would mig ra t e  t o  t h e  
o p p o s i t e  end of  t h e  t a n k  w i t h  a  s t a b i l i z i n g  g a s - l i q u i d  i n t e r f a c e  
formed a t  t h e  b a r r i e r  a s  shown i n  F i g .  TI-8. For  t h e  c a s e  of  t h e  
l i q u i d  i n t e r f a c e  below t h e  b a r r i e r  a t  i n i t i a t i o n  of a  n e g a t i v e  d i s -  
t u r b i n g  f o r c e ,  t h e  l i q u i d  w i t h i n  t h e  compartment w i l l  be d i s p l a c e d  
toward t h e  b a r r i e r .  The b a r r i e r  must t hen  be c a p a b l e  of  damping 
t h e  impinging l i q u i d  t o  p reven t  l i q u i d  l o s s  from t h e  compartment. 
B a r r i e r  performance f o r  t h i s  r e s e t t l e  mode h a s  been s t u d i e d  ex t en -  
s i v e l y  under a  Mar t in  M a r i e t t a  Corpo ra t i on  IP&D program (Ref 11-2) 
and under  NASA C o n t r a c t  NAS8-21259 (Ref 11-3 and 11-4) .  T h i s  i n -  
fo rmat ion  i n d i c a t e s  no s i g n i f i c a n t  l i q u i d  l o s s  (Category A th rough  
D damping, s e e  Ref 11-3 and F i g .  111-13) would be expected f o r  t h e  
b a r r i e r  de s ign  and mi s s ion  r equ i r emen t s .  T h i s  degree  of  damping 
i s  cons ide red  s a t i s f a c t o r y  f o r  t h e  g iven  a p p l i c a t i o n .  

For  l a t e r a l  o r  r o t a t i o n a l  d i s t u r b a n c e s  w i t h  t h e  l i q u i d  above 
t h e  b a r r i e r ,  t h e  i n e r t i a l  e f f e c t  of t h e  l i q u i d  motion r e l a t i v e  t o  
t h e  b a r r i e r  a c t s  t o  overcome t h e  s u r f a c e  t e n s i o n  s t a b i l i z i n g  e f -  
f e c t ,  I n v e s t i g a t i o n s  o f  r o t a t i o n a l  d i s t u r b a n c e s ,  such a s  r s p o r t e d  
i n  Ref 11-5 t h r u  11-7 have shuwn t h a t  t h e  openness r a t i o  ( i . e . ,  
r a t i o  o f  open a r e a  t o  t o t a l  a r e a )  i s  an impor tan t  parameter  s i n c e  
i t  i s  r e l a t e d  t o  t h e  f low bloclcage through t h e  b a r r i e r .  The r e -  
l a t i o n s h i p  of openness r a t i o  and Weber number, o r  normalized Weber 
number, on t h e  s t a b i l i t y  of b a r r i e r s  has  been demonstrated over  a  

I 

I l i m i t e d  range of  b a r r f c r  pore s i z e  and openness r a t i o s .  These d a t a  
a r e  a p p l i c a b l e  t o  s i n g l e  p e r f o r a t e d  p l a t e  b a r r i e r s .  For t h e  pro-  
posed d e s i g n  t h e  b a r r i e r s  c o n s i s t  of  double  p e r f o r a t e d  p l a t e  i n  t h e  
c e n t e r  r eg ion  and a p l a t e  t w i l l e d  weave combinat ion i n  t h e  o u t e r  
r e g i o n .  Both of  t h e s e  c o n f i g u r a t i o n s  have e s s e n t i a l l y  no d i r e c t  

3 open a r e a  f o r  f low.  For t h e  f low t o  t r a v e l  a c r o s s  tlie barri .er  i t  
must change d i r e c t i o n  from t h e  no b a r r i e r  bloclcage flow s t ream 
l i n e s  a s  i l l u s t r a t e d  i n  F i g .  11-12.  T h i s  t o r t u o u s  flow p a t h  

+ g r e a t l y  reduces  t h e  energy benea th  t h e  b a r r i e r  and dampens t h e  
l i q u i d  mot:ion. An a n a l y t i c a l  t r e a t m e n t  of  t h i s  c o n d i t i o n  i s  not  
known; however, t e s t i n g  t o  d a t e  i n d i c a t e s  a  g r e a t  improvement i n  
t h e  performance of m u l t i p l e  b a r r i e r s  and Dutch T w i l l  s c r eens  over  
s i n g l e  p e r f o r a t e d  p l a t e s  (Ref 11-3) .  

! Tank 
A c c e l e r a t i o n  - 
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T e s t s  t o  v e r i f y  t h e  s t a b i l i t y  of t h e  c u r r e n t  Apollo umbrel la  
s c r e e n s  d u r i n g  t h e  5 deg /sec  p i t c h  and yaw r a t e  have been conducted 
(Ref 11-6) .  These t e s t s  show t h a t  t h e  c u r r e n t  s i n g l e  b a r r i e r  de-  
s i g n  w i t h  0 .020- in .  h o l e s  of approximately  25% open a r e a  a r e  s t a b l e .  
F igu re  11-13 i s  a  p l o t  o f  t h e  t e s t  r e s u l t s  and t h e  e x i s t i n g  um- 
b r e l l a  s c r een  d e s i g n  p o i n t  and t h e  proposed d e s i g n  s i n g l e  p e r f o r -  
a t e d  p l a t e  only .  As shown, t h e  s i n g l e  p l a t e  i s  between t h e  i den -  
t i f  ied  s t a b l e  and u n s t a b l e  p o i n t s  i n d i c a t i n g  marginal  s t a b i l i t y .  
S ince  t h e  a c t u a l  b a r r i e r s  (F ig .  11-4 and 11-6) c o n t a i n  double  
l a y e r s ,  i t  i s  f e l t  t h a t  t h e  system i s  v e r y  c o n s e r v a t i v e ,  r e l a t i v e  
t o  t h e  i n e r t i a l  l o a d s .  

Hydrodynamic s t a b i l i t y  of  t h e  des ign  d u r i n g  l a t e r a l  e x c i t a t i o n  
' was a l s o  demonstra ted expe r imen ta l ly  d u r i n g  t h i s  program. L a t e r a l  

a c c e l e r a t i o n  t e s t s  were conducted i n  t h e  drop tower w i t h  a  1 /5 -  
s c a l e  model u s ing  a  b a r r i e r  pore  s i z e  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  
f u l l  s i z e  system. Weber number s c a l i n g  based on pore  s i z e  between 
t h e  p ro to type  and model was used.  Model t e s t  r e s u l t s  show t h a t  t h e  
system i s  s t a b l e  f o r  t h e  imposed l a t e r a l  a c c e l e r a t i o n  environment 
and t h e  p i t c h ,  yaw, and r o l l  r a t e s  ( see  Sec t ion  B.2 of Chapter  I11 
f o r  a  d i s c u s s i o n  of  t h e  t e s t  r e s u l t s ) .  

B a r r i e r  performance d u r i n g  t h e  t h r u s t  bu i ldup  bu lk  p r o p e l l a n t  
r e s e t t l e  t r a n s i e n t  was determined expe r imen ta l ly .  Subscale  r e -  
s e t t l e  t e s t s  were conducted t o  demons t ra te  t h e  p r o p e l l a n t  damping 
e f f e c t i v e n e s s  of t h e  c o n i c a l  b a r r i e r  des ign  and t h e  " s t r a in ing1 '  
o u t  of e n t r a i n e d  gas  bubbles  from t h e  l i q u i d  p a s s i n g  through t h e  
b a r r i e r s .  The Froude number, t h e  r a t i o  of  i n e r t i a  t o  g r a v i t y  
f o r c e s ,  was used a s  t h e  s c a l i n g  c r i t e r i a  f o r  t h e  t e s t s .  The t e s t s  
c o n s i s t e d  o f  i n i t i a t i n g  ou t f low from t h e  r e t e n t i o n  compartments, 
t h e n  r e l e a s i n g  l i q u i d  from a  r a i s e d  r e s e r v o i r  t o  s imu la t e  t h e  r e -  
s e t t l i n g  bu lk  p r o p e l l a n t .  The f a l l i n g  l i q u i d  was forced  t o  t h e  
t a n k  wal l  by a  c o n i c a l  d e f l e c t o r  t o  more n e a r l y  s i m u l a t e  t h e  an-  
t i c i p a t e d  r e s e t t l e  f low c h a r a c t e r i s t i c s .  The r e s e t t l e  c h a r a c t e r -  
i s t i c s  were determined from an a n a l y s i s  of t h e  r e s e t t l e  flow f i e l d  
u s i n g  a  modified v e r s i o n  o f ' t h e  Marker and C e l l  computer program 
(Ref 11-8) .  The r e s e t t l e  Bond number i s  from an i n i t i a l  i n t e r f a c e  

'at a  Bo < 2 t o  s e v e r a l  hundred thousand a t  t h e  bu i ldup  of engine  - s: 

t h r u s t .  r' 

9 

A sequence of t h e  r e s e t t l e  and ou t f low c h a r a c t e r i s t i c s  i s  shown id 
* 

i n  F ig .  11-14. F i g u r e  I I - 1 4 ( a )  shows t h e  l i q u i d  0.26 s e c  a f t e r  
i n i t i a l  impact and 0 .85 s e c  a f t e r  opening t h e  ou t f low va lve .  The 
f l u i d  abave t h e  t o p  cover  p l a t e  i.s ve ry  f r o t h y ,  w h i l e  i n  t h e  middle 

1 compartment only l i m i t e d  s u r f a c e  a g i t a t i o n  i s  p r e s e n t ,  and i n  t h e  
bottom comparrment on ly  s i n g l e  phase l i q u i d  i s  p r e s e n t .  . 

w 



from Proposed 

SPS Design 



(a) 0 .26  sec  a f t e r  Liquid Impact ( b )  2 . 5  sec  a f t e r  Liquid Impact 

( c )  15 sec  a f t e r  Liquid Impacr 
-== 

(d) 18 .5  sec a f t e r  Liquid Impact 

F i g .  11-14 Sys tem Resett le  and Outflow Characieris t i c s  
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Figure  11-14(b) shows t h a t  t h e  bubbles have c l e a r e d  from t h e  bulk 
of t h e  r e s e t t l e d  p rope l l an t  2.5 sec a f t e r  i n i t i a l  r e s e t t l e  l i q u i d  
impact ,  No vapor entrainment e x i s t s  i n  e i t h e r  compartment a t  t h i s  
t ime ,  The o p e r a t i o n a l  system has a  screen  l i n e r  i n  t h e  lower com- 
partment t h a t  would prevent  any gas t h a t  happened t o  p e n e t r a t e  
i n t o  the  lower compartment from e n t e r i n g  t h e  feed system. Also 
t h e  l i q u i d  l e v e l  i n  t h e  upper compartment a t  2 .5  sec has increased  
from i t s  l e v e l  a t  0.26 sec  a f t e r  impact demonstrating t h e  r e f i l l  
a spec t  of t h e  c a p i l l a r y  system design.  Figure TI-14(c) shows t h e  
system a t  t h e  t ime when t h e  upper compartment i s  e s s e n t i a l l y  empty. 
The lower compartment i s  s t i l l  f u l l  a t  t h i s  poin t  i n  t h e  outflow. 
F igure  11-14(d) shows t h e  tank  near t h e  end of t h e  te rminal  d r a i n ,  
T h i s  sequence demonstrates t h e  e f f e c t i v e n e s s  of t h e  b a r r i e r s  i n  
prevent ing  vapor i n g e s t i o n  i n t o  t h e  p r o p e l l a n t  compartments dur ing  
t h e  r e s e t t l e  mode. 

In  a d d i t i o n  t,o t h i s  experimental  program, a  mathematical a n a l -  
y s i s  of t h e  t e rmina l  d r a i n  cond i t ion  was conducted. The l i q u i d  
h i s t o r i e s  dur ing  d r a i n i n g  a r e  shown i n  Fig.  11-15 f o r  t h e  pro to-  
t y p e  system w i t h  N;04 and A-50. 

The .conical  b a r r i e r  geometry pernlits t h e  compartments t i  be 
designed t o  r e f i l l  dur ing  sus ta ined  a c c e l e r a t i o n  pe r iods .  The 
h y d r o s t a t i c  head developed ac ross  the  b a r r i e r  exceeds t h e  r e t e n -  
t i o n  c a p a b i l i t y  of t h e  pe r fo ra ted  p l a t e ,  a l lowing t h e  gas t o  be 

2 

purged from below t h e  b a r r i e r .  P l a t s  o f  t h e  r e f i l l  f lowra tes  f o r  
t h e  upper compartments f o r  complete u l l a g e  exposure on t h e  under- 
s i d e  of t h e  p i a t e s  a r e  shown i u  Fig .  11-16 a s  a  func t ion  of t h e  
a c c e l e r a t i o n  l e v e l .  

I n  a d d i t i o n  t o  t h e  c o n i c a l  b a r r i e r s  t h a t  maintain a  l i q u i d  
supply a t  t h e  t ank  o u t l e t ,  t h e  bottom compartment con ta ins  a  cap- 
i l l a r y  b a r r i e r  t o  prevent premature gas inges t ion  t o  t h e  feed l i n e  
once a por t ion  of t h e  t rapped l i q u i d  i n  t h i s  compartment has been 
d i sp laced  by pressurant . !  The c r i t i c a l  cond i t ion  i s  t h e  low-g r e -  
s t a r t s  r equ i red  without any p rope l l an t  s e t t l i n g  maneuvers. The 
c a p i l l a r y  l i n e r  prevents  gas  inges t ion  while  providing s l i q u i d  
f lowpath t o  t h e  t ank  o u t l e t  a s  shown schemat ica l ly  i n  F ig .  11-17. 
The l i n e r  r e t e n t i o n  c a p a b i l i t y  must be s u f f i c i e n t  t o  prevent gas 
leakage under t h e  va r ious  opera t ing  cond i t ions .  The c r i t i c a l  de- 
s i g n  cond i t ions  occur  a t  r e s t a r t  wi th  an adverse p rope l l an t  loca-  
t i o n  and dur ing  t h e  t e rmina l  f l i g h t  cond i t ions  when t h e  p o s i t i v e .  

i " 
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For t h e  low-g r e s t a r t  c o n d i t i o n  it  i s  n e c e s s a r y  t o  have s u f -  
f i c i e n t  l i q u i d - t o - l i n e r  c o n t a c t  a r e a  t o  p rov ide  t h e  neces sa ry  f low 
a r e a  t o  p r even t  t h e  v i s c o u s  l o s s e s  from exceed ing  t h e  c a p i l l a r y  
r e t e n t i o n  c a p a b i l i t y  o f  t h e  l i n e r  d u r i n g  f low i n i t i a t i o n .  A t e s t  
program and a n a l y t i c a l  s t udy  were conducted t o  d t i i n e  t h e  equ i l  i b -  
rium i n t e r f a c e  c o n d i t i o n  of  t h e  l i q u i d  i n  t h z  compartment i n  t h e  
lo-" g  a c c e l e r a t i o n  environment t r  ' e te rmine  t h e  l i q u i d / l i n e r  con- 
t a c t  a r e a .  The i n t e r f a c e  pos i t " . ,  : f o r  v a r i o u s  p e r c e n t s  of l i q u i d  
f i l l  i n  t h e  compartment f o r  t h e  .w-g environment i s  p r e sen t ed  i n  
Chapter  I11 and F ig .  111-25 and '1-26.  T h i s  a n a l y s i s  shows t h a t  
t h e  l i q u i d / l i n e r  c o n t a c t  a r e a  i s  s u b s t a n t i a l  even f o r  low p c r -  
c e n t a g e s  of  f l u i d  i n  t h e  compartments. The c a l c u l a t e d  c o n t a c t  
a r e a  a s  a  f u n c t i o n  o f  t h e  pe rcen t  of  f l u i d  i n  t h e  compartment i s  
shown i n  F i g .  11-18,  The a r e a  r e q u i r e d  under s t e a d y - s t a t e  ou t f l ow  
t o  p reven t  gas  i n g e s t i o n  i s  approx imate ly  1 sq  f t .  Although a 
t r a n s i e n t  a n a l y s i s  o f  t h e  eng ine  s t a r t  was n o t  p o s s i b l e  because  
of  l a c k  of i n f o r m a t i o n  about  t h e  f eed  system and v a l v e  r e sponse  
c h a r a c t e r i s t i c s ,  i t  appea r s  t h a t  s u f f i c i e n t  c o n t a c t  i s  provided 
t o  permi t  s u c c e s s f u l  r e s t a r t  w i t h  v e r y  l i t t l e  r e s i d u a l  p r o p e l l a n t .  

The compartments a r e  des igned t o  permi t  g r a v i t y  f i l l  t o  a  l e v e l  
> 99%. The maximum t r a p p a d  u l l a g e  under  b o t h  barriers during f i l l  
i n  a  1 -g  environment i s  l e s s  t h a n  45 cu  i n .  f o r  t h e  N204 and 160 
cu  i n .  f o r  A-50. T h i s  oc ly  r e p r e s e n t s  about  0 .05% of t h e  u s e a b l e  
t ank  volume. T h i s  l e v e l  i s  c o n s e r v a t i v e  and assumes t h e  wor s t - ca se  
c o n d i t i o n  of b a r r i e r  w e t t i n g  p r i o r  t o  f i l l i n g .  The compartments 
w i l l  be subsequent1.y f i l l e d  f u r t h e r  d u r i n g  t h e  boos t  phase  o f  t h e  
f l i g h t  when t h e  a c c e l e r a t i o n  l e v e l  r e a c h e s  a  v a l u e  of 7.35 g .  The 
gas  would be purged o u t  because  of t h e  h y d r o s t a t i c  head a c r o s s  t h e  
t rapped  u l l a g e  pocke t .  

No s p e c i a l  p r o v i s i o n s  were i r i curpora ted  i n t o  t h e  d e s i g n  t o  
p rov ide  l i n e r  f i l . 1  c a p a b i l i t y .  During t h e  t e s t  s e r i e s  no d i f f i -  
c u l t i e s  were encounte red  i n  f i l l i n g  t h e  l i n e r  comple t e ly  i f  t h e  
s c r een  was d ry  be fo re  i n t r o d u c t i o n  o f  t h e  f l u i d  and t h e  f i l l  r a t e  
exceeded t h e  s c r e e n  wick ing  r a t e .  The wick ing  t i m e  f o r  t h e  s c r e e n  
l i n e r  i n  1 g i s  e s t i m a t e d  t o  be g r e a t e r  t h a n  20 minutes .  Thkre- 
f o r e ,  a  f i l l  r a t e  of  0 .5  cu f t / m i n u t e  o r  g r e a t e r  would be adequa t e  
t o  prime t h e  annu lus .  F igu re  11-19 shows t h e  r e s u l t s  of two f i l l  
t e s t s  conducted i n  s e r i e s .  Fol lowing t h e  f i r s t  f i l l  and d r a i n  t h e  
systeri. was purged f o r  1 5  minutes  w i t h  GN2 and t h e  s ec lnd  f i l l  was 
s u c c e s s f u l l y  accomplished.  





(a) F i r s t  F i l l  with Dry Screen 

(b) Second F i l l  Following Draining and GN Purging 2 

F i g .  11-19 Liner F i l l  Test  Results 



An a d d i t i o n a l  d e ~ i g n  c o n s i d e r a t i o n  f o r  t h e  system i n  t h e  no- 
ha rdware -mod i f i~a t .~ lon  d e s i g n  i s  t o  p reven t  l i q u i d  l o s s  from t h e  
compartments due t o  hiphoning th rough  t h e  s t i l l w e l l  d u r i n g  nega- 
t i v e  t h r u s t  p e r i o d s .  It was n o t  p o s s i b l e  t o  d e s i g n  t h e  b a r r i e r s  
t o  p reven t  some s iphon ing  d u r i n g  n e g a t i v e  a x i a l  a c c e l e r a t i o n  p e r -  
i o d s  and m a i n t a i n  o t h e r  d e s i r a b l e  f e a t u r e s  a s  s imple  1 -g  f i l l  c a -  
p a b i l i t y  and e x i s t i n g  s t i l l w e l l  gag ing  c a p a b i l i t y .  The d e s i g n  
approach s e l e c t e d  was t o  minimize p r o p e l l a n t  l o s s  due t o  s iphon ing  
s i n c e  t h e  p r o b a b i l i t y  o f  e x p e r i e n c i n g  t h e  c o n d i t i o n s  f o r  s i phon ing  
appear  s l i g h t ,  r a t h e r  < t h a n  t o  comprise  o t h e r  f a c t o r s  and p r e v e n t  
p r o p e l l a n t  l o s s  due t o  s iphon ing .  A s k e t c h  of  t h e  " an t i s i phon"  
a s p e c t s  of  t h e  des ign  a r e  shown i n  F i g .  11-20. The o p e r a t i n g  
ph i losophy  i s  t h a t  t h e  annulus  around t h e  s t i l l w e l l  w i l l  be d r a i n e d  
be fo re  a p p r e c i a b l e  p r o p e l l a n t  i s  l o s t  from t h e  r e t e n t i o n  compart-  
ments.  Once t h e  annulus  l i q u i d  l e v e l  r e c e d e s  p a s t  t h e  l i q u i d  com- 
municat ion p o i n t  from t h e  compartments,  t h e  s iphon ing  p o t e n t i a l  i s  
l o s t  and t h e  compartment i s  i s o l a t e d .  The s c r e e n  f low r i n g  i s  de -  
s igned  t o  p r e v e n t  gas passage  i n t o  t h e  compartment, s o  t h e  l i q u i d  
i n  t h e  compartments i s  p r e s s u r e  s t a b i l i z e d  and no f u r t h e r  l o s s  r e -  
s u l t s .  A p l o t  o f  t h e  l i q u i d  s iphon ing  l o s s  f o r  bo th  p r o p e l l a n t s  
i s  shown i n  P i g .  11-21 f o r  s e v e r a l  d i f f e r e n t  n e g a t i v e  s x i a l  a c -  
c z l e r a t i o n  Leve l s .  
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111. ANALYSIS 

The pu rpose  o f  t h e  Phase  I1 a n a l y t i c a l  s t u d y  was t o  f i n a l i z e  
t h e  s e l e c t e d  Phase  I c a p i l l a r y  sys tem c o n f i g u r a t i o n s  and i d e n t i f y  
t h e  o p e r a t i o n a l  performance o f  t h e s e  sys tems.  The r e s u l t s  o f  
t h i s  e f f o r t  were p r e s e n t e d  e a r l i e r  i n  S e c t i o n  C ,  O p e r a t i o n a l  Char- 
a c t e r i z a t i o n ,  o f  Chap te r  I1 o f  t h i s  r e p o r t .  Th i s  c h a p t e r  d i s c u s s e s  
t h e s e  v a r i o u s  a s p e c t s  i n  more d e t a i l  and p r e s e n t s  t h e  r e s u l t s  o f  
t h e  e x p e r i m e n t a l  ver ' if  i c a  t i o n  t e s t i n g .  The purpose  o f  t h e  e x p e r i -  
menta l  program was t o  v e r i f y  t h e  a n a l y t i c a l  p r e d i c t i o n s  i n  c o n t r a s t  
t o  deve lop ing  d e s i g n  c r i t e r i a .  The d e s i g n s  g e n e r a t e d  a r e  based on 
e x i s t i n g  c r i t e r i a ,  where p o s s i b l e ,  w i t h  t h o s e  a r e a s  l a c k i n g  s u f f i -  

, c i e n t  i n f o r m a t i o n  t a  y i e l d  a  h i g h  c o n f i d e n c e  d e s i g n  i d e n t i f i e d  f o r  
f u r t h e r  s t udy .  It was n o t  w i t h i n  t h e  scope o f  t h e  program t o  e s -  
t a b l i s h  g e n e r a l  b a s i c  d e s i g n  c r i t e r i a .  

The a n a l y s i s  of  t h e  o p e r a t i o n a l  c h a r a c t e r i s  t i cs  a r e  q u i t e  gen- 
e r a l  s i n c e  d e t a i l  m i s s i o n  r e q u i r e m e n t s  o r  maneuvers were pu rpose ly  
n o t  i d e n t i f i e d .  The sys tem i s  r a t h e r  de s igned  t o  be s u f f i c i e n t l y  
f l e x i b l e  t o  be a b l e  t o  s a t i s f a c t o r i l y  pe r fo rm over  a wide r a n g e  o f  
r equ i r emen t s  t h a t  would pe rmi t  g e n e r a l  a p p l i c a t i o n  of  t h e  d e s i g n  
t o  many d i f f e r e n t  m i s s ions .  

I n  much of t h e  d i s c u s s i o n  t h e  l i q u i d  s o l i d  c o n t a c t  a n g l e ,  which 
appea r s  a s  a  c o s i n e  f u n c t i o n ,  i s  n o t  i n c l u d e d  i n  t h e  v a r i o u s  dimen- 
s i o n l e s s  g roups .  T h i s  was done f o r  s i m p l i c i t y  s i n c e  t h e  c o n t a c t  
a n g l e  i s  z e r o  f o r  b o t h  t h e  n i t r o g e n  t e t r o x i d e  and t h e  Ael-ozine 50 
i n  c o n t a c t  w i t h  t h e  300 s e r i e s  s t a i n l e s s  s t e e l  c a p i l l a r y  b a r r i e r s  
( R e  I - ) ,  whLch makes t h e  c o s i n e  f u n c t i o n  of  t h e  c o n t a c t  a n g l e  
e q u a l  t a  one. 

V i r t u a l l y  a l l  o f  t he  s u b s c a l e  t e s t i n g  was performed w i t h  a  
one- f i f  t h  model o f  t h e  no-hardware-modif i c a  t i n n  c o n f i g u r a t i o n .  
The ' approach  used i n  t h e  model was t o  maintai.1 geome t r i c  s i m i l i -  
t u d e  and u s e  t h e  i d e n t i c a l  p r o t o t y p e  c a p i l l a r y  s t r u c t u r e ,  s i n c e  
s c a l i n g  o f  s c r e e n  t w i l l  meshes i s  n o t  p r a c t i c a l .  The s u b s c a l e  
t a n k  was c o n s t r u c t e d  o f  p l e x i g l a s s  w i t h  t h e  c a p i l l a r y  s y s  t e m  made 
from 300 series s t a i n l e s s  s tee l .  

S u b s t i t u t e  l i q u i d s  r a t h e r  t h a n  a c t u a l  p r o p e l l a n t s  were s e l e c t e d  
r f o r  ' the e x p e r i m e n t a l  program i n  t h e  i n t e r e s t  o f  s a f e t y  and m a t e r i a l  

c o m p a t i b i l i t y .  The t es t  l i q u i d s  s i m u l a t e  t h e  a c t u a l  p r o p e l l a n t s  i n  
t h e  p e r t i n e n t  phys i ca  1 p r o p e r t i e s .  L i q u i d  p rope r  t ies a r e  p r e s e n t e d  

. *  
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Tabla 111-I P r o p e l l a n t  and Test L iqu id  P h y s i c a l  P r o p e r t i e s  

A.  TEST W D W A I I E  DESCRIPTION 

i 1 

Liquid  

E tha nc) 1 
Me tlla no 1 
FC-43 
N ~ 0 4  
A-50 

J 

A p l e x i g l a s s  model o f  t h e  e x i s t i n g  Apol lo  SPS p r o p e l l a n t  t anks ,  
approximate ly  one- f i f t h  s c a l e ,  was used i n  exper iments  t o  demon- 
s t r a t e  t h e  performance o f  t h e  s e l e c t e d  a c q u i s i t i o n  dev ic2 .  A t o t a l  
o f  G8 t e s t s ,  i n c l u d i n g  checkout  t e s t s ,  were conducted t o  demons t ra te  
t h e  performance o f  t h e  a c q u i s i t i o n  dev ice .  Twenty-four of t h e s e  
t e s t s  were conducted i n  M a r t i n  M a r i e t t a ' s  Drop Tower, (Ref 111 -21 ,  
under a ;ow-g environment. The remaining t e s t s  were conducted a t  
1 g. Near ly  a l l  t e s t  r e s u l t s  were documented on 16 mm f i l m  exposed 
a t  200 o r  64 f p s .  T e s t  procedures  and r e s u l t s  a r e  inc luded  i n  t h e  
a n a l y s i s  s e c t i o n  under t h e  s p e c i f i c  a n a l y t i c a l  e f f o r t  r e q u i r i n g  
t h e i r  suppor t  , 

The model tank,  f a b r i c a t e d  from c a s t  a c r y l i c  p l a s t i c ,  c o n s i s t s  
of two hemisphe r i ca l  end domes and a 10-in.  0.D. b a r r e l  s e c t i o n  
20 i n .  long wi th  a  1 /4 - in .  w a l l  (~ i .g ' .  111-1). P l a s t i c  f l a n g e s  were 
used between domes and b a r r e l  s e c t i o n  t o  p rov ide  e a s y  a c c e s s  t o  
t h e  model i n t e r i o r .  The gaging s t a n d p i p e  was s imula ted  by a  3 /4 -  
i n .  O.D. p l a s r i c  tube  approximate ly  30 in .  long. The model acqu i -  
s i t i o n  d e v i c e ,  l o c a t e d  i n  t h e  lower dome (F ig .  1 1 1 - 2 )  c o n s i s t s  o f  
two c o n i c a l  coverp la  t e s ,  c e n t r a l  t ube ,  and co r ruga ted  s p h e r i c a l  

' l i n e r  ( n o t  shown) which forms a n  annulus  i n  t h e  compartment below 
t h e  lower coverp la  te. The upper c c v e r p l a  t e ,  n o t  c l e a r l y  v i s i b l e  - 
i n ( F i g .  111-2, i s  l o c a t e d  a t  t h e  p l a s t i c  f l a n g e  on the lower dome. 
The c e n t r a l  t ube  p o s i t i o n e d  around t h e  s imu la t ed  gaging s t andp ipe  
has  a  Dutch t w i l l  s c r e e n  band (250 x  1375 mesh) abou t  1 i n .  wide 
around i t s  b a s e  t o  pe rmi t  d r a i n i n g  of  t h e  l i q u i d  i n  t h i s  c a v i t y  
into t he  lower co~npartrnent and prevent  g a s  i n g e s t i o n  i n t o  t h e  lower 
compartment du r ing  n e g a t i v e  g  environment.  This  t ube  t e r m i n a t e s  
a t  t h e  t o p  o f  t h e  upper c o v e r p l a t e  forming a n  open annulus  around 
t h e  gaging s t a n d p i p e ,  Sc reen  mesh and p e r f o r a t e d  p l a t e  used i n  t h e  
model was t h e  same a s  seleci-ed f o r  t h e  f u l l - s c a l e  tanks. The cover-  
p l a t e s  (F ig  111-3) were f. b r i c a t e d  from s t a i n l e s s  s teel  Dutch t w i l l  

Dens i ty  
( l b / f t 3 )  

49.2  
49.4  

117.0 
90.6 
55.5 

S u r f a c e  Tension 
( l b j f t  x lom3) 

1 .53 
1.55 
1. Q9 
1.88 
2.07 

V i s c o s i t y  
( l b / f t - s e c  x lom3) 

0.806 
0.401 
3.200 
0.277 
0.550 



F i g ,  111-1 P l a s t i c  Model w i t h  A c q u i s i t i o n  Device 

F i g ,  111-2 Model A c q u i s i t i o n  Device  



sc reen  and pe r fo ra ted  p l a t e .  The pe r fo ra ted  p l a t e  was used t o  
s t r u c t u r a l l y  backup t h e  Dutch twill sc reen  and, i n  t h e  c e n t r a l  
s e c t i o n  of the  cones, t o  provide a  v a r i a t i o n  i n  pressure  r e t e n -  
t i o n ,  permitt ing r e f i l l  of the  compartments dur ing  p o s i t i v e  g 
environment. Double pe r fo ra ted  p l a t e  spaced approximately PI2 a 
pore diameter (0.013 i n . )  a p a r t  and extending r a d i a l l y  1 /2  i n .  
from the  c e n t r a l  tube was used i n  t h e s e  a r e a s .  ' ho  s e t s  of cover-  
p l a t e s  d i f f e r e n t  i n  sc reen  mesh s i z e  on ly  were f a b r i c a t e d .  Both 
165 x 800 and 30 x 250 mesh sc reens  were used. The pe r fo ra ted  
pLate,  0.020 i n ,  t h i c k ,  conta ined  0,026-in.  -diameter pores i.n a  
60-deg a r r a y  forming a f u n c t i o n a l  open a r e a  of 0.33. An enlarged 
view of the  double pe r fo ra ted  p l a t e  a r e a  i s  shown i n  Fig.  1111-4, 
The second p l a t e  i s  n o t  shown he re ,  however, a  0.013-in. -diameter 
wire  used f o r  spacing i s  shown a t t ached  t o  the  lower pe r fo ra ted  
p l a t e  a t  the i n s i d e  d iameter .  Figures  111-5 t h r u  111-8 show 
s e q u e n t i a l  assembly of the  a c q u i s i t i o n  device .  The corrugated  
s p h e r i c a l  l i n e r ,  Fig.  111-6, f a b r i c a t e d  from 250 x 1370 mesh 
Dutch t w i l l  s c reen ,  forms passageways between t h e  co r ruga t ions  
and t h e  p l a s t i c  dome t h a t  lead  t o  the  tank o u t l e t .  A s  shown, the  
passageways a r e  sea led  a t  t h e  junc t ion  of t h e  l i n e r  and the lower 
cone coverp la te .  



F i g u r e  111-3 C o n i c a l  C o v e r p l a t e s  

F i g u r e  111-4 Double P e r f o r a t e d  P l a t e  Area 



Figure 111-5 %ode1 Lower Dome 

Figure 111-6 Corrugated Spher ica l  L i n e r  



Figure  1 1 1 - 7  Lower Cove rp l a t e  I n s t a l l e d  
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Figure  111-8 Upper Coverp la ted  I n s t a l l e d  



B. CAPILLARY PROPELLANT RETENTION 

1. Hydros ta t i c  
I 

Hydros t a t i c  s t a b i l i t y  c o n s i d e r a t i o n s  f o r  a  c a p i l l a r y  sys  t e m  
d e s i g n  a p p l i c a t i o n  were d i scussed  i n  t h e  Phase I r e p o r t  (pp 51-55 
of Ref 1-1). H y d r o s t a t i c  s t a b i l i t y  can be d iv ided  i n t o  two c a t e -  
g o r i e s  f o r  purposes o f  a n a l y s i s :  t h e  c a s e  of  l i q u i d  r e t e n t i o n  3y 
s u r f a c e  t e n s i o n  f o r c e s  d i r e c t l y  ( c a p i l l a r y r e t e n t i o n )  ; and t h e  
c a s e  of p r e s s u r e  f o r c e s  provid ing  t h e  bu lk  l i q u i d  r e t e n t i o n  w i t h  
s u r f a c e  f o r c e s  a c t i n g  t o  s t a b i l i z e  t h e  g a s - l i q u i d  i n t e r f a c e  (cap- 
i l l a ~ : y  s t a b i l i t y ) .  

The c l a s s i c a l  c r i t e r i a  f o r  s i n g l e ,  i n t e r f a c e  c a p i l l a r y  s t a b i l -  
i t y  i s  t h e  Bond number: 

which f o r  d e s i g n  purposes can be rewri tLen i n  terms of  t h e  c r i t i -  
c a l  system dimension: 

L 
c r i t  

It h a s  been shown expe r imen ta l ly  t h a t  f o r  Bond numbers below a 
c r i t i , c a l  v a l u e  t h e  system i s  s t a b l e .  S t a b i l i t y  d a t a  f o r  pe r fo ra t ed  
p l a t e  and squa re  weave sc reen  genera ted  by Mar t in  M a r i e t t a  under 
Con t rac t  MZ5-20837 i s  shown i n  Fig. 111-9 and 111-10. 

1 c 
These r e s u l t s  v e r i f y  t h a t  Bo is  t h e  c r i t e r i o n  f o r  h y d r o s t a t i c  

pore  s t a b i l i t y  and s u b s t a n t i a t e  a  c r i t i c a l  va lue  o f  approximately 
0.84 f o r  c i r c u l a r  h o l e s  where t h e  c h a r a c t e r i s t i c  dimension (L) i s  
t h e  pore r a d i u s .  For square  weave s c r e e n  t h e  r e s u l t s  show a  c r i t i -  

rn 

c a l  va lue  of approximate ly  0.45 where t h e  c h a r a c t e r i s t i c  dimension 
i s  one-half  t h e  open width of t h e  sc reen  meqh. The Bond number 
f o r  var ious  e lements  i n  t h e  g iven  p r o p u l s i o ~ l  system a t  va r ious  m i s -  
s i o n  a c c e l e r a t i o n  l e v e l s  a r e  presented  i n  Table 111-2. 
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F i g ,  111-9 S t a b i l i t y  C h a r a c t e r i s t i c s  f o r  P e r f o r a t e d  P l a t e  



The c r i t i c a l  po re  f o r  t h e  sys tem i s  t h e  one s u p p o r t i n g  t h e  maxi- 
mum p r e s s u r e  d i f f e r e n t i a l  (p ah  i n  4%g. 111-11).  For  a  c i r c u l a r  
opening t h t  maximum r e t e n t i o n  

(@ma X ) o c c u r s  when t h e  i n t e r f a c e  

i s  h e m i s p h e r i c a l  ('1 - - ra = r ) . For  a l l  o t h e r  i n t e r f a c e  p o s i t i o n s  
P 

t h e  r a d i u s  o f  c u r v a t u r e  i s  g r e a t e r  and t h e r e f o r e  t h e  p r e s s u r e  re- 
t e n t i o n  c a p a b i l i t y  i s  l e s s .  Equa t i on  [ I I I - 3 1  f o r  t h e  maximum re- 
t e n t i o n  t h u s  r e d x c e s  t o :  

Tab l e  111-2 P r o p u l s i o n  System S t a b i l i t y  C h a r a c t e r i s t i c s  

For a c i r c u l a r  po re  t h i s  c an  t h e n  be used  d i r e c t l y  t o  d e s i g n  t h e  
system. Th i s  e q u a t i o n  a l s o  SUE ; e s t s  a  d imens ion l e s s  g roup  s i m i l a r  
t o  t h e  s i n g l e  po re  s t a b i l i t y  e q u a t i o n :  u 

Element 

Coverpla  t e  

Holes 

( 0 . 021  i n .  D) 

S t i l l w e l l ,  

( 5  i n .  19) 

Tank 

( 5 1  i n .  D) 

The c a p i l l a r y  r e t e n t i o n  c o n d i t i o n  i s  a s s o c i a t e d  w i t h  a  m u l t i -  
p l e  po re  b a r r i e r  a s  i l l u s t r a t e d  i n  F i g .  111-11. I n  t h i s  c a s e  t h e  
sys tem p r e s s u r e  i s  such  t h a t  t h e  ga s  phasc i s  a t t e m p t i n g  t o  e n t e r  
t h e  po re s  a t  one e x t r e m i t y  w h i l e  t h e  l i q u i d  d r a i n s  from t h e  oppo- 
s i t e  end. The c a p i l l a r y  f o r c e  p r e v e n t i n g  g a s  e n t r y  a t  e ach  po re  
can be  e x p r e s s e d  by t h e  Young-Laplace equa t i o n :  

Acce l e r a  t i o n  

( g )  

7.35 

1 .0  

0 .2  

0.2 

? 0 '5 

0 .2  

1 0 '5 

S t a b i l i t y  

Yes 

Yes 

Yes 

No 

Yes 

No 

No 

Bond Numbe.r 

N2 O4 

0.27 

0.04 

0.007 

420 

0.02 

40,000 

2.2 

A-50 

0 .15 

0.02 

0.004 

23 0 

0 .01  

20,000 

1 . 2  



For  complex geometry po re s ,  such  a s  Dutch t w i l l  c l o t h ,  t h e  v a l u e  
o f  the po re  r a d i u s  c anno t  be  c a l c u l a t e d .  Even c i r c u l a r  h o l e s  c a n  
e x h i b i t  a  c o n s i d e r a b l y  d i f f e r e n t  r e t e n t i o n  c a p a b i l i t y  depending 
on how they  a r e  manufactured (e. g . ,  punched, d r i l l e d ,  and reamed 
h a l e s  oE e s s e n t i a l l y  t h e  same d i a m e t e r  have  e x h i b i t e d  d i f f e r e n t  
r e t e n t i o n  c h a r a c t e r i s  t i c s  d u r i n g  t e s t i n g  a t  M a r t i n  ~ a r i e t t a )  . 
One way t o  a c c o u n t  f o r  t h i s  v a r i a t i o n  i s  t o  modify t h e  r e t e n t i o n  
e q u a t i o n  w i t h  a  f a c t o r  (9)  which would be  a  f u n c t i o n  o f  t h e  po re  
geometry,  m a t e r ~ a l  s u r f a c e  c o n d i t i o n ,  and l i q u i d - s o l i d  c o n t a c t  
ang l e .  Rea r rnng ing  Eq [III-41 and s o l v i n g  f o r  t h e  r e q u i r e d  po re  
s i z e  t o  s u p p o r t  t h e  h y d r o s t a t i c  p r e s s u r e  y i e l d s  : 

where s  i s  t h e  de;ign s a f e t y  f a c t o r  f o r  t h e  system. Use of  t h i s  
e q u a t i o n  r e q u i r e s  e s t a b l i s h i n g  a  0 f a c t o r  f o r  t h e  v a r i o u s  t ypes  o f  
m a t e r i a l s .  T h i s  c a n  b e  done e m p i r i c a l l y  by u s e  o f  a t e c h n i q u e  such  
a s  t h e  bubb l e  p o i n t  t es t  u s i n g  a  c o n t r o l  f l u i d  o f  known p r o p e r t i e s .  

The r e t e n t i o n  c a p a b i l i t y  o f  t h e  v a r i o u s  e l emen t s  o f  t h e  sub-  
s c a l e  sys tem hardware  i s  p r e s e n t e d  i n  Table  111-3. The v a l u e s  
were o b t a i n e d  by 3 e t e r m i n a t i o n  o f  t h e  bubb le  p o i n t  u s i n g  methanol  
a s  t h ~  l i q u i d  medium. S ince  t h e  s c r e e n s  used i n  t h e  s u b s c a l e  s y s -  
tem a r e  t h e  same mesh a s  f o r  t h e  f u l l - s i z e  d e s i g n ,  t h e  v a l u e s  
p r e s e n t e d  a l s o  a p p l y  t o  t h e  p r o t o t y p e .  The p r o t o t y p e  0 .020- in .  
doub le  p e r f o r a t e d  p l a t e  r e t e n t i o n  c a p a b i l i t y  a s  c a l c u l a t e d  from 
t h e  cp v a l u e  f o r  t h e  0 .026- in .  i s  0.040 p s i  i n  methanol .  
t h i s  i s  e q u i v a l e n t  t o  0.048 p s i  i n  N204 o r  0.053 p s i  i n  A-50. 
These r e t e n t i o n  va l l i e s  were  used f o r  a l l  o f  t he  subsequen t  a n a ? y s i s  
and model ing.  

P o i n t  of Maximum P r e s s u r e  R e t e n t  i o n  

Gas 
A c c e l e r a t i o n  

4 

k 

.I 

, 
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I 1 3 C a p i l l a r y  System R e t e n t i o n  V a r u e v  

1 .47  (based  on 
(0.026 i n .  D l l o l e s  

30  x 250 mesh 0 ,128  (ba sed  on 

250 x 1370 mcsll 0 . 701  (baaed  on 

2 .  Hydrodynamic S t a b i l i t y  

.In a d d i t i o n  t o  r d t a i n i n g  l i q u i d  under  st---' 
t h e  r e t e n t i o n  sys tem must be a b l e  t o  damp liyuAu LLLg 

f l u i d  l o s s  from t h e  r e t e n t i o n  compartment.  n 1 - - 2 s  - 

b o t h  a x i a l  and l a t e r a l  a c c e l e r a t i o n  must b e  
a t  f l u i d  clamping, t h r e e  i n i t i a l  l i q u i d  c o n d i  
t h e  b a r r i e r  must b e  c o n s i d e r e d :  f u l l  compar 

A t h e  b a r r i e r ;  l i q u i d  e x a c t l y  even w i t h  t h e  ba 
. t t h e  b a r r i e r  w i th  a n  u l l a g e  pocl- ~ e t  between t h  
C i n t e r f a c e .  Fo r  a x i a l  p e r t u r b a t i o n s  t h e  c a s e  U L  ~ n e  

X i  t h e  b a r r i e r  and e x a c t l y  even  ~ i t h  t h e  h g r r 4 - -  ---- ,- 
3, t 
i 

s t a t i c  Bond number c o n d i t i o n .  F o l l o w i  
t h a t  t-ends t o  l o c a t e  t h e  p r o p e l l a n t  aw 
l i q u i d  w i l l  r e o r i e n t  away from t h e  bar+,-, ,. 
t h e  po re s  i n  the s t a t i c  "stuclc" i n t e r f a c e  pot 
i n e r t i a  i s  induced i n t o  t h e  t r a p p e d  1 :- 

c o n v e n t i o n a l  Bond number s t a b i l i t y  cri,,,,, , 
t i o n s  was v e r i f i e d  under  Contract-  NASR-719 

eauy-sca te  a c c e l e r a t i o n  
awiii  - ? t i o n  t o  p r e v e n t  

I U L U  lnotioll induced  by 
cons ide r ed .  I n  loolcing 
t i o n s  w i t h  r e s p e c t  t o  
tment  w i t h  l i q u i d  above  
r r ier ;  and l i q u i d  below 
e  b a r r i e r  and l i q u i d  
- 2  -1 - : l i q u i d  c o v e r i n g  

U s L L l = L  ~ L C  ~ n a l o g o u s  t o  the  
ng . a  d i s t u r b i n g  a c c e l e r a t i o n  
'ay from t h e  compartment, t h e  
'im l e a v i n g  t h e  i n t e r f a c e  i n  

s i t i o n .  No v e l o c i t y  o r  
CiULU LLL t h e  compartment. The 
+ o r ;  - %r t h e s e  f i l l  cond i -  - 

- L I L J J  (Re f  11-4). 

For  +-he c o n d i t i o n  where an  u l l a g e  pocke t  ex is ts  between t h e  
l i q u i d  and t h e  compartment coverp1.a te,  a  n e g a t i v e  d i q t u r b a n c e  w i l l  
c a u s e  t h e  l i q u i d  t o  impac t  t h e  b a r r i e r  a t  a  v e l o c i t y  dependen t  on  ' 

t h e  d i s t a n c e  t r a v e l e d  and magni tude  o f  t h e  d i s t u r b i n g  a c c e l e r a t i o n .  
The n a t u r e  o f  t h e  l i q u i d  impac t i ng  c o n f i g u r a t i o n  depends on  t h e  
i n i t i a l  l i q u i d  c o n f i g u r a t i o n  and t h e  d i s t u r b i n g  a c c e l e r a t i o n  Bond 
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r i e r .  For  t h e  c o n d i t i o n  o f  a  
Fig .  111-14 Induced L i q u i d  Motion s l i g h t  e x c e s s  of  l i q u i d ,  t h e  t e s t  

from L a t e r a l  A c c e l e r a t i o n  r e s u l t s  i n d i c a t e d  a  d e c r e a s e  i n  

U l l a g e  

m b - ~  

L i q u i d  

o r  expe r  imenta 
exper  imenta 1 s  
under C o n t r a c t  
l i s h  d e s i g n  c r  
a v a i l a b l e  f o r  

I n  a d d i t i o n  t o  a x i a l  d i s t u r b -  
a n c e s ,  t h e  sys tem must p r e v e n t  li- 
q u i d  l o s s  due t o  l a t e r a l  p c r t u r b a -  
t i a n s .  The induced l i q u i d  mot ion 
i s  shown i n  F i g .  111-14. The ba r -  
r i e r  must damp o u t  t h e  r e l a t i v e  
nlornentum be tween t h e  l i q u i d  and 
t h e  c a p i l l a r y  b a r r i e r  t o  a v o i d  i n -  
g e s t i o n  o f  g a s  a t  t h e  o u t e r  h o l e s  
a l o n g  t h e  l e a d i n g  edge  o f  t h e  ba r -  

ba 
1 t r e a t m e n t  o f  t h i s  
tudy i s  c u r r e n t l y  in 
NAS8-21259 Lo i n v e s  

i t e r i a .  The r e s u l t s  
s e v e r a l  months. 

r ie r .  Th i s  t y p e  0 2  s t a b i l i t y  was 
i n v a s t i g d t e d  e x t e n s i v e l y  by Gi l le  
(Ref 11-11 f o r  sudden ly  a p p l i e d  
a c c e l e r a t i o n s ,  I t  was shown t h a t  

Tank A c c e l e r a t i o n  t h e  c o n v e n t i o n a l  s t a t i c  s t a b i l i t y  
c r i t e r i a  a p p l i e d  e q u a l l y  w e l l  t o  
t h e  dynamic c a s e  when no e x c e s s  
l i q u i d  was l o c a t e d  above t h e  ba r -  

r r i e r  s t a b i l i t y .  No a n a l y t i c a l  
s t a b i l i t y  regime i s  known. An 

p r c g r e s s  by M a r t i n  M a r i e t t a  
t i g a t e  t h i s  phenomena and e s t a b -  

from t h i s  s t u d y  w i l l  n o t  be  

R o t a t i o n a l  maneuvers o f  t h e  s p a c e c r a f t  c r e a t e  a  p r o p e l l a n t  
r e t e n t i o n  r equ i r emen t  t h a t  i s  s i m i l a r  t o  t h e  t r a n s v e r s e  impulse .  
The r o t a  t i o n  o f  t h e  s p a c e c r a f t  i nduces  13 r s i a  t i v e  i n e r t i a  between 
t h e  l i q u i d  and t h e  c o v e r p l a t e .  The momentut~. o f  t h e  l i q u i d  must 
be damped o u t  by  t h e  b a r r i e r  t o  p r even t  g a s  Lnges t i on  i n t o  t h e  
r e s e r v o i r  a s  l i q u i d  a t t e m p t s  t o  f l o w  o u t  a s  shown i n  Fig.  111-14. 
Th is  phenomena was i n v e s t i g a t e d  f o r  t h e  Apo1l.o SPS y r c  , p e l l a n t  o r i -  
e n t a t i o n  d e v i c e  (Ref 11-6 and 1 1 - 7 ) .  The d i m r n s i o n l r s s  pa ramete r  
used t o  d e s c r i b e  t h i s  s t a b i l i t y  c r i t e r i a  was a  nodi,Eied form o f  
t h e  Weber number: 



I n  t h i s  program the s t a b i l i t y  of t h e  c a p i l l a r y  b a r r i e r s  was def ined  
i n  terms of t h e  r o t a t i o n a l  Weber number and the b a r r i e r  open a r e a .  
Analyses (Ref 111-5 and 111-7) v e r i f y  t h a t  t h i s  r o t a t i o n a l  Weber 
number i s  the  proper d e s c r i p t i v e  parameter. However, t h e  a n a l y s i s  
does n o t  i n c l u d e ' t h e  e f f e c t  of v i s c o s i t y ,  which i s  expected t o  
o f f e r  a  s i g n i f i c a n t  damping e f f e c t  i n  t h e  proposed des ign  wi th  the  
to r tuous  flow path c r e a t e d  by t h e  Dutch t w i l l  sc reens  and double- 
p l a t e  b a r r i e r s .  No known r o t a t i o n a l  s t a b i l i t y  a n a l y s i s  of  the 
m u l t i p l e - p l a t e  b a r r i e r  o r  Dutch t w i l l  b a r r i e r  has been conducted. 
However, t e s t  r e s u l t s  have shown cons ide rab le  performance improve- 
ment wi th  mui t ip le  b a r r i e r s .  

To v e r i f y  adequate s t a b i l i t y  of  t h e  des ign  t o  e i t h e r  the  l a t -  
e r a l  t r a n s l a t i o n  or  the  r o t a t i o n a l  maneuvers s c a l e  model t e s t i n g  
was conducted. 

3 .  L a t e r a l  S t a b i l i t y  T e s t s  

A t o t a l  of f i v e  drop t e s t s  were made t o  demonstrate the  r e t en -  
t i o n  c a p a b i l i t y  of the  covkrp la te  sc reen  assembly under a  l a t e r a l  
a c c e l e r a t i o n  enlvironment. The lower dome of t h e  115-scale model 1 
with t h e  lower coverp la te  was used. The model was mounted i n  an 
a t t i t u d e  with t h e  c e n t e r l i n e  10' from v e r t i c a l  s o  a  por t ion  of t h e  
screen  cone would be p a r h l l e l  with t h e  l i q u i d  surface.  This was 
t h e  l ead ing  por t ion  i n  t h e  l a t e r a l  t r a n s l a t i o n .  The specimen was 
a t t a c h e d  t o  a  platform t h a t  moved along r a i l s  on low f r i c t i o n  bear- 
ings.  Coverpla t e  l i q u i d  r e t e n t i o n  was observed through f i l m  cover- 
age (200 f p s )  during t h e  drop. Space l i m i t a t i o n  on t h e  drop  p l a t -  
form made i t  necessary t o  use a  mir ror  arrangement f o r  complete 
coverage (Fig. 111-15). The t e s t  se tup ,  assembled s p e c i f i c a l l y  
f o r  t h i s  e f f o r t ,  was mounted on t h e  t r a i l i n g  end nf t h e  d rag  s h i e l d  
b a r r e l  sec t ion .  O r d i n a r i l y ,  t h e  t e s t  package i s  encased i n  a  cap- 
s u l e  t h a t  i s  contained i n  the  evacuated drag  s h i e l d  t o  achjzve  I 

zero g. This test package was too  l a r g e  f p r  t h a t  procedi:re, s o  a 
I 

i zero-g c o n d i t i o n  i n  the  v e r t i c a l  d i r e c t i o n  was n o t  achieved. The d 
drag  f o r c e  on t h e  capsule  causes an approximate 1 0 ~  g p o s i t i v e  6 

a c c e l e r a t i o n  on the  t e s t  package. This  a c c e l e r a t i o n  i s  no t  l a r g e  
enough t o  a f f e c t  the  t e s t  r e s u l t s .  The l a t e r a l  a c c e l e r a t i n g  f o r c e  I 

i s  provided by a  compression s p r i n g  t h a t  a c t s  over a  s h o r t  d i s t a n c e  
(0.25 i n . )  imparting an  impulse and subsequent coas t  per iod t o  t h e  4 
t e s t  a r t i c l e .  The a c c e l e r a t i o n  was i n i t i a t e d  a f t e r  a  1-sec de lay  
dur ing  t h e  2.1-sec drop  period t o  permit low-g l i q u i d  vapor i n t e r -  
f ace  forma t i o n  before l a t e r a l  impulse. 





Point of  
Rotation 

(a)  Angular Acceleration 
with RCS Firlng 

(b)  Iner t ia  Effects  Continue 
a f t e r  Firing 

Fig.  111-16 Liquid Movement During Pitch and Yaw 
Maneuvers 



l ~ l ~ e r c  111 i s  t h e  p r o p e l l a n t  tanlc r a d i u s .  The c o n d i t i o n s  o f  i n t e r e s t  
t i r  d u r i n g  t h e  s t e a d y - s  t a  t e  r o t a  t i o n  a f t e r  impulse  t e r m i n a t i o n .  
The i n e r t i a  o f  t h e  moving l i q u i d  under  c o n s t a n t  u depends on t h e  
magnitude o f  t h e  a c c e l e r a t i n g  t o r q u e  a s  well. a s  t h e  t i m e  i t  a c t s .  
A most s c v c r e  c o n d i t i o n  would r e s u l t  w i t h  a n  i n s t a n t a n e o u s  impulse  
u i  s u f f i c i e n t  magni tude  t o  c a u s e  t h e  maximum a n g u l a r  v e l o c i t y  o f  
5 dog/ s c c .  S h o r t - d u r a  t i o n  impulses  were used t o  a c c e l e r a t e  t h e  
o n ~ d e l  t o  t h e  s c a l e d  v e l o c i t y  r e q u i r e d  t o  conse rve  We. L a t e r a l  
t r a n s l a t i o n  r a t h e r  t h a n  r o t a t i o n a l  mot ion  was s e l e c t e d  f o r  model 
t e s t s  because  i t  s i m p l i f i e s  t h e  t e s t  hardware r e q u i r e d  f o r  t h e  
lev-g t e s t s  w i t h o u t  s e r i o u s l y  a f f e c t i n g  t e s t  r e s u l t s .  The R2w2 
v a r i a b l e s  i n  t h e  p r o t o t y p e  w i l l  be r e p r e s e n t e d  i n  t h e  model by 
c o n s t a n t  l a t e r a l  v e l o c i t y  r e s u l t i n g  from the  s h o r t - d u r a t i o n  i m -  
pu l s e .  Then t o  conse rve  We; 

'idliere s u b s c r i p t s  p  and m r e f e r  t o  p r o t o t y p e  and model, respectively. 
The We t o  be conserved  i n  t h e  model t e s t s  i s  based  on t h e  o x i d i z e r  
t ank ,  which i s  t h e  most  c r i t i c a l ,  

(P = 90.6 l b / f t 3  (NTO), 

R = 90 i n .  = 7.5 f t ,  

w = 5 d e g / s e c  = .0925 r a d j s e c ,  

gc = 3 2 . 2  f t / s e c 2 ,  

L = 25.5 i n .  = 2.12 f t ,  

n = 1.88 x loo3 l b / f t ,  



The v a r i a b l e s  f o r  t h e  model We, based on a 115-scale test model 
and e thano l  a s  the test  f l u i d ,  a r e ,  

L = 4.75 in .  = 0.395 f t ,  

The l a t e r a l  v e l o c i t y  s e l e c t e d  f o r  t h e  model t e s t s  was 1.96 f t / s e c  
a f t e r  impulse. The impulse fo rce  and a c t i o n  time was ad jus ted  t o  
a c c e l e r a t e  t h e  t e s t  specimen and t r a n s l a t i n g  platform t o  t h i s  ve- 
l o c i t y  wi th in  a  112-in. displacement. 

Two t e s t  c o n d i t i o n s  were used t o  demonstrate t h e  r e t e n t i o n  
c a p a b i l i t y  of t h e  coverpla  tcs . The l i q u i d  l e v e l  was maintained 
a t  t h e  sc reen  s u r f a c e  i n  one case  and s l i g h t l y  above i n  t h e  sec- 
ond case.  Both methanol and e thano l  were used a s  test  l i q u i d s .  
I n  a l l  of  t h e  t e s t s  a  small  vapor bubble was observed below the  
coverp la te  dur ing  t h e  low-g period p r i o r  t o  l a t e r a l  impulse i n i -  
t i a t i o n  due t o  incomplete t r a p  volume f i l l i n g .  There i s  no ev i -  
dence o f  gas i n g e s t i o n  dur ing  the  l a t e r a l  t r a n s l a t i o n  period a s  
observed from the f i lmed r e s u l t s  f o r  e i t h e r  l i q u i d  l eve l .  The 
r e t e n t i o n  p o t e n t i a l  of the  coverp la tes  exceeds t h a t  imposed by 
the tests. A s e r i e s  of  photographs taken from t h e  fi lmed r e s u l t s  
of t h e  t e s t s  a r e  presented i n  F igure  111-17. 



(a) Test  23 ,  0.65 s e c  a f t e r  Zero g before  L a t e r a l  
Impulse 

(b)  Test  23, 0.75 s e c  a f t e r  Zero g I n i t i a t i o n ,  
Leading Edge oE B a r r i e r  Uncovered a s  3 Re- 
s u l t  of Trans la t ion  wi thout  Gas Inges t ion  

F i g ,  1 1 1 - 1 7  L a t e r a l  Accelerat ion Test  Resul t s  



(c)  T e s t  24, 0.646 sec a f t e r  Z e r o  g b e f o r e  L a t e r a l  
Impulse  

Leading Edge o f  B a r r i e r  Uncovered T-i. th No Gas 
I n g e s t i o n  due  t o  L i q u i d  I n e r t i a  

F i g .  111-17 ( c o n c l )  



C PROPELLANT REORIENTATION 

~ r o r i e n t a t i o n  of  t h e  p r o p e l l a n t s  from the forward ends of 
t h e i r  tanks back toward t h e  outLets  by a c c e l e r a t i n g  t h e  v e h i c l e  
was analyzed us ing  t h e   marker and C e l l  (MAC) computer program 
mentioned e a r l i e r  i n  t h i s  r e p o r t .  'The fol lowing paragraphs de- 
s c r i b e  the  Marker an4 C e l l  computational scheme a t  g r e a t e r  length.  

The b a s i c  MAC technique was developed by D r .  F r a n c i s  Harlow 
and co-workers a t  Los Alamos S c i e n t i f i c  Laboratory,  and has been 
repor ted  i n  d e t a i l  i n  a  series of papers and repGrts  (Ref 11-8 
and 111-3 t h r u  111-5). A c o r r e c t i o n  t o  t h e  f r ee - su r face  viscous 
stress cond i t ions  has  been repor ted  by H i r t  and Shannon (Ref 
1x1-6). Some of  t h e  s t a b i l i t y  cons ide ra t ions  e s s e n t i a l  t o  proper 

- apptlicatioti o f  the  technique have been e l u c i d a t e d  by H i r t  (Ref 
111-7), Incorpora t ion  of  s u r f a c e  t e n s i o n  e f f e c t s  were f i r s t  d i s -  
cussed by Daly and Prach t  (Ref 111-8), and have s i n c e  been t r e a t e d  
a t  much g r e a t e r  length  3;t Daly (Ref 111-9 and 1x1-10). 

The MAC technique i s  based on a  formula t ion  o f  the  f u l l  non- 
l i n e a r ,  v i scouGt ,  time-dependent equat ions  of motion i n  terms of 
primary v a r i a b i e s  ( p r e s s u r e  and v e l o c i t y ) ,  wi th  a  f i n i t e - d i f f e r -  
ence s o l u t i o n  us ing  a n  Eu la r i an  g r i d  mesh. The l i q u i d  configura-  
t i o n  (and hence, i n d i r e c t l y ,  t h e  f r e e  boundar2) i s  ind ica ted  by a  
Lagrangian set: o f  marker p a r t i c l e s  loca ted  i n  the  llqclid and mov- 
ing  wi th  it. Pressures  a r e  c a l c u l a t e d  a t  c e l l  c e n t e r s ,  h o r i z o n t a l  
v e l o c i t i e s  a long v e r t  i c a  1 c e  l f  boundaries,  and v e r t i c a l  ~ e l ~ o c i t i e s  
a long  h o r i z o n t a l  c e l l  boundaries ,  

The a c t u a l  c a l c u l a t i o n s  a r e  based on t h r e e  equat ions.  Poissorlt s 
equa t ion  i s  der ived  by combining t h e  f u l l  Navier-S tokes  equat ions  
wi th  t h e  incompressible  c o n t i n u i t y  equ'ation; w r i t t e n  i n  f i n i t e - d i f -  
fererice form, t h i s  equatiori a l lows thu pressure  f i e l d  t o  be ca lcu-  
l a t e d  on t h e  b a s i s  of t h e  v e l o c i t i e s  c a l c u l a t e d  a t  t h e  preceding 
time s t e p .  Boundary c o n d i t i o n s  spec i fy  t h e  p ressu re  on t h e  f r e e  
s u r f a c e  and t h e  normal components of t h e  p ressu re  g r a d i e n t s  a t  
f ixed  boundaries.  (The normal component of  t h e  p ressu re  g r a d i e n t  
a t  a  f ixed  boundary must be equal  t o  t h e  normal component of grav- 
i t y  o r  boundary a c c e l e r a t i o n .  ) Solu t ion ,  i n  t h e  b a s i c  MAC tech- 
nique,  i s  by a  Gauss-Seidel i t e r a t i v e  process.  

The o the r  two equa t ions  used a r e  Navier-S tokes equat ions ,  which 
a r e  used t o  s o l v e  f o r  t h e  two v e l o c i t y  component6 on t h e  b a s i s  of 
t h e  pressure  f i e l d  j u s t  c a l c u l a t e d ,  a ~ d  t h e  v e l o c i t y  f i e l d  ca lcu-  
l a t e d  i n  t h e  preceding time st<:p. Boundary cond i t ions  a r e  t h e  van- 
i s h i n g  of normal v e l o c i t y  components a t  f i x e d  boundaries ,  and t h e  



vanish ing  o f  l i q u i d  shea r  a c  a  f r e e  s u r f a c e .  (The l a t t e r  i s  n o t  
r e a l l y  a  proper  f r e e - s u r f a c e  boundary c o n d i t i o n ,  a s  po in t ed  o u t  
by Ilirt and 'Shannon. For  c a s e s  i n  which v i s c o s i t y  i s  not; o f  g r e a t  
importance n e a r  t h e  free s u r f a c e ,  hovever,  i t  should n o t  a d v e r s e l y  
a f f e c t  t h e  accu racy  of  t h e  method.) 

There a r e  two primary d i f f e r e n c e s  between t h e  MAC program w r i t -  
t en  a t  Mar t in  M a r i e t t a  and t h e  b a s i c  MAC program desc r ibed  i n  Ref 
XI-8 and 111-3 t h r u  III-5. Most s i g n i f i c a n t  i s  t h e  f a c t  t h a t  t h e  
Mart in  M a r i e t t a  program uses  a  s u c c e s s i v e  ove r r e l axa  t i o n  i t e r a t i v e  
procedure f o r  t h e  p r e s s u r e  c a l c u l a t i o n s  i n  p l ace  o f  the  more e l e -  
mentary Gauss-Seidel  procedure  norma l l y  used,  thereby  s i g n i f i c a n t l y  
reduc ing  t h e  computat ion t i m e  r e q u i r e d  per time s t e p  f o r  a  g iven  
number c f  computa t iona l  c e l l s .  I n  a d d i t i o n ,  t h e  Mar t in  M a r i e t t a  
program was w r i t t e n  i n  terms o f  two c o n c e n t r i c  c y l i n d r i c a l  bound- 
a r i e s  (w i th  p lane  pe rpend icu la r  end boundar ies ) .  The i n s i d e  bound- 
a r y  can ,  o f  cou r se ,  be  removed t o  a l l o w  more s t a n d a r d  c y l i n d r i c a l  
geometr ies  t o  be i n v e s t i g a t e d .  

The i n i t i a l  s t a t i o n a r y  l i q u i d  c o n f i g u r a t i o c  was set up i n  ac -  
cordance w i t h  a  low Bond number e q u i l i b r i u m  s u r f a c e  genera ted  by a  
computer program based on t h e  foll.owing method of a n a l y s i s :  



= c o ~  YJ ~ T / [ c  + (?)(.,) - s i n  71 / rL] L 

i s  t l ~ c  s u r f a c e  s l o p c ,  

L - -  - t a n  Q, 
d r ~  

The c o n s t a n t  C i s  t h e  f r e e  s u r f a c e  c u r v a t u r e  a t  s = a ;  i t  i s  a n  L 
unknown t o  be de te rmined  from t h e  boundary c o n d i t i o n s .  

The c o n d i t i o n s  a t  t h e  i n n e r  w a l l  a r e  

where a i s  t h e  c o n t a c t  a n g l e ,  $3 p h y s i c a l  p r o p e r t y .  The c o n d i t i o n s  
a t  t h e  o u t e r  w a l l  a r e  

[ 111- 17 ] 

III- 181 

To perform t h e  i n t e g r a t i o n  o f  t h i s  n o n l i n e a r  problem from t h e  
i n n e r  t o  t h e  o u t e r  w a l l ,  some i n i t i a l  e s t i n a t e  of  t h e  c u r v a t u r e  C 
must be found. A d s e f u l  l i n e a r  form o f  t h e  Young Laplace  e q u a t i o n  
i s  
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c y l i n d e r ,  5 1  i n .  i n  d i a m e t e r ,  w i t h  a  5 - i n .  d i a m e t e r  c o n c e n t r i c  
c y 1i .ndcr  forming t h e  i n s i d e  bouiidary. 

Licjuicl c o n f i g u r a t i o n s  , a s  g e n e r a t e d  by t h e  ccmputer ,  a r e  shown 
i n  F i g .  111-18 f o r  FI f ew  oE t h e  c a l c u l a t e d  time s t e p s .  J e h i c l e  
a c c c l c r a t i o n  was t aken  t o  be 0.6 g. Computa t iona l  c e l l s  were j u s t  
~ i n d c r  2 i n .  s q u a r e ,  

C a l c u l a t i o n s  were n o t  c a r r i e d  much beyond 0 .16  s e c  because  of 
p ro i - i ih i t ive  expense.  A t  0.16 s e c ,  31 .6  minu tes  o f  CDC 6500 c e n t r a l  
p r o c e s s o r  time had a l r e a d y  been  expended.  Much more s e r i o u s ,  t h e  
s i z e  o f  t h e  time s t e p  had a l r e a d y  been reduced  from 0.008 sec t o  
0.000125 sec i n  acccjrdance w i t h  s t a b i l i t y  r e q u i r e m e n t s  based on t h e  
l i q u i d  v e l o c i t i t  ;. 

Because o f  t h e  extreme expense  i nvo lved  i n  a p p l y i n g  t h e  MAC 
program t o  o b t a i n  t h e  d e s i r e d  p r o p e l l a n t  r e o r i e n t a t i o n  d e s c r i p t i o n ,  
a new pyogram b e i n g  developed a t  M a r t i n  M a r i e t t a ,  SMASHIN ( S u r f a c e  
Markers Added t o  Some Hydrodynamic I t e r a t i v e  N e f a r i o u s n e s s ) ,  was 
a p p l i e d  t o  t h e  problem. T h i s  program i s  q u i t e  s i m i l a r  t o  t h e  b a s i c  
MAC program e x c e p t  f o r  t h e  method o f  bookkeeping used ( t h a t  i s ,  t h e  
way o f  keep ing  - r ack  o f  t h e  l o c a t i o n  of  t h e  l i q u i d )  and t h e  way t h e  
b o u ~ ~ c l a r y  c o n d i t i o n s  a r e  a p p l i e d  a t  t h e  f r e e  s u r f a c e  i n  t h e  p r e s s u r e  ,. 

and v e l o c i t y  c a l c u l a t i o n s .  

Thid m a t t e r  o f  f r e e - s u r f a c e  boundary c c n d i i i o n s  i s  perhaps  t h e  
prirnary weakness o f  t h e  b a s i c  MAC t e c h n i q u e  when a p p l i e d  t o  prob- 
lems o f  t h e  s o r t  w e  a r e  i n t e r e s t e d  i n .  S e r i o u s  d i f f i c u l t i e s  a r i s e  
t w i c e  d u r i n g  t h e  compu ta t i ona l  scheme because  o f  t h e  i n a b i l i t y  t o  
p r e c i s e l y  d e f i n e  t h e  s u r f a c e .  The f i r s t  time i s  i n  t h e  computa t ion  
o f  t h e  p r e s s u r e  f i e l d ;  t h e  computa t ion ,  no m a t t e r  how a c c u r a t e ,  c an  
neve r  a c t u a l l y  be  a c c u r a t e  i n  t h e  c r i . t i c a 1  r e g i o n  n e a r  t h e  f r e e  s u r -  
f n c c  s i n c e  t h e  f r e e  s u r f a c e  p r e s s u r e  c o n d i t i o n  i s  n o t  a p p l i e d  on t h e  
f r e e  s u r f a c e ,  b u t  r a t h e r  a t  t h e  n e a r e s t  c e l l  c e n t e r s .  Hence t h e  
p r e s s u r e  computa t ion  " sees f1  a  f r e e  s u r f a c e  t h a t  i s  a lways  somewhat 
d i s p l a c e d  from t h e  a c t u a l  f r e e  s u r f a c e ,  and g r o s s l y  d i f f a r e n k  i n  
shape .  The second d i f f i c u l t y  o c c u r s  when v e l o c i t i e s  a r e  c a l c u l a t e d  
n e a r  t h e  f ree  s u r f a c e .  Because of t h e  l a c k  of  d e f i n i t i o n  o f  t h e  
s u r f a c e ,  t h e  b a s i c  MAC method canno t  g e n e r a t e  s u r f a c e  c e l l  v e l o c i -  
t i e s  t h a t  p r o p e r l y  reflect  t h e  f l ow  o f  l i q u i d  i n t o  o r  o u t  o f  t h e  
su r face  c e l l .  from t h e  p r ev ious  t i m e  s t e p .  The normal  p rocedure  h a s  
c c n s e q u e n t l y  been t o  n e g l e c t  changes  i n  t h e  q u a n t i t y  o f  l i q u i d  i n  
any  s u r f a c e  c e l l  from one t i n i e  s t e p  t o  t h e  nex t .  E r r o r s  i n t r o d u c e d  
i n  t h i s  manner w i l l  n a t u r a l l y  p ropaga t e  i n t o  t h e  i n t e r i o r  o f  t h e  
l i q u i d  i n  succeed ing  t ime s t e p s ,  hence  a f f e c t i n g  t h e  more e x a c t  
v e l o c i t y  c a l c u l a t i o n s  t h a t  c an  be made i n  c e l l s  comp le t e ly  s u r -  
rounded by l i q u i d .  

- 
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Fig. IIX-18 (concl) 



t i e s  by  i n t r o d u c i n g  a n  a d d i t i o n a l  se t  o f  marker p a r t i c l e s ,  i n i t i -  
a l l y  l y i n g  on t h e  s u r f a c e  and hence  a lways  nloving w i t h  t h e  s u r f a c e ,  
t o  d e f i n e  the s u r f a c e .  A t  p r e s e n t  a  f a i r l y  l a r g e  number o f  such 
marlcers a r e  u s e d ,  and t h e  s u r f a c e  i s  s imp ly  approximated by t h e  
s t r a i g h t  l i n e  segments c o n n e c t i n g  t h e s e  marlcers. ( A  more soph i s - )  
t i c a t e d  cu rve  f i t  would al. low s u r f a c e  t e n s i o n  t o  b e  i n c ~ r p o r a t e d  
w i thou t  t oo  much d i f f i c u l t y . )  With  t h e  s u r f a c e  a s  d e f i n e d ,  t h e  
p r e s s u r e  boundary c o n d i t i o n  i s  a p p l i e d  v i r t u a l l y  on t h e  f r e e  s u r -  
f a c e ,  and a n  unequal-arm P o i s s o n ' s  e q u a t i o n  d e r i v e d  f o r  t h e  p r e s -  
s u r e  c a l c u l . a t i o n  nea r  t h e  f r e e  s u r f a c e .  I n c o r p o r a t i n g  t h e s e  changes  
i n t o  t h e  o v e r a l l  p r e s s u r e  i t e r a t i o n  m a t r i x  skiould r e s u l t  i n  a  con- 
s i d e r a b l y  more a c c u r a t e  c a l c u l a t e d  p r e s s u r e  f i e l d .  I n  a d d i t i o n ,  by 
ltnuwing where t h e  s u r f a c e  a c t u a l l y  i s ,  t h e  volume of  l i q u i d  i n  each  
s u r f a c e  c e l l  c a n  be c a l c u l a t e d ,  t h e  change from one t i m e  s t e p  t o  
t h e  n e x t  r e c o r d e d ,  and t h i s  change f e d  back i n t o  t h e  v e l o c i t y  c a l -  
c u l a t i o n s  i n  t h e  form of a  non-zero  d i v e r g e n c e  f o r  e ach  of  t h e  
s u r f a c e  c e l l s .  

The pr imary b e n e f i t  t o  be expec t ed  from t h e s e  improvements i n  
computa t iona l  a c c u r a c y  i s  a  s a v i n g s  i n  tnac l~ ine  time r e q u i r e d  f o r  a  
g iven  s e t  o f  r e s u l t s .  More a c c u r a t e  t r e a t m e n t  a l l o w s  l a r g e r  (and 
hence fewer )  c e l l s  t o  b e  used ,  and c o n s e q u e n t l y  t h e  time s t e p  can  
s t a r t  o u t  l a r g e r ,  and n o t  be reduced  a s  d r a s t i c a l l y .  An a d d i t i o n a l  
t ime s a v i n g  ha s  been i n t r o d u c e d  by b a s i n g  a  11 o f  t h e  "boolclceeping" 
o p e r a t i o n s  on t h e  s u r f a c e  markers  t hemse lve s ,  hence  a l l o w i n g  the 
normal MAC f l u i d  markers  t o  be e l i m i n a t e d .  'I'l~is s t e p  c o n s i d e r a b l y  a 

s t r e a m l i n e s  t h e  compu ta t i ona l  p rocedu re  s i n c e  i t  removes t h e  nece s -  
s i t y  of  c a l c u l a t i n g  v e l o c i t i e s  and ,  on t h e  b a s i s  of  t h e  v e l o c i t i e s ,  
new p o s i t i o n s ,  f o r  what  normal ly  was a  v e r y  l a r g e  number o f  f l u i d  
markers . 

T h i s  program was used t o  i n v e s t i g a t e  t h e  p r o p e l l a n t  r eo r i - en t a -  
t i o n  problem f o r  t h e  same c o n d i t i o n s  a s  b e f o r e ,  b u t  w i t h  t h e  cc~m- 
p u t a t i o n a l  c e l l  s i z e  i n c r e a s e d  t o  2 .3  i n .  on a  s i d e .  Some o f  t h e  
r e s u l t s  a r e  p r e s e n t e d  i n  F i g .  111-19. 



(a) I n i t i a l  Interface i n  10'' g Environment (b) Interface 0.75 sec  a f t e r  I n i t i a t i o n  of 
0 , 6 - g  Reset t le  Accexeration 

Fig.  111-19 Propellant Reset t le  Characterist ics  
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D. BARRIER PROPELLANT RESETTLE CHARACTERISTICS 

Two b a s i c  c o n s i d e r a t i o n s  were i n v e s t i g a t e d  r e l a t i v e  t o  p rope l -  
l a n t  r e s e t t l e  i n  t h e  SPS t a n k  w i t h  a  c a p i l l a r y  b a r r i e r .  The f i r s t  
was t o  i n v e s t i g a t e  t h e  l i q u i d  impact  on  t h e  c o v e r p l a t e  t o  d e t e r m i n e  
t h e  r e s e t t l e  f l u i d  behav io r  and t h e  l i q u i d  accumula t i on  r a t e s .  The 
second was t o  de t e rmine  t h e  a b i l i t y  o f  t h e  c a p i l l a r y  b a r r i e r  t o  
p r even t  l a r g e  ga s  a ccumula t i ons  from b e i n g  f o r c e d  i n t o  t he  cornpart*. 
ments,  i . e . ,  p reven t  t h e  ga s  bubb les  e n t r a i n e d  i n  t h e  l i q u i d  due  
t o  r e s e t t l e  from p a s s i n g  th rough  t h e  c o v e r p l a  tes ,  

S i n c e  one  o f  t h e  p r imary  d e s i g n  g o a l s  f o r  t h e  p r o p e l l a n t  man- 
agement sys tem was t o  b e  c 'apable of e n g i n e  r e s t a r t  w i t h o u t  any  re- 
quirement  f o r  p r o p e l l a n t  s e t t l i n g  maneuvers,  t h e  p r o p e l l a n t  c o l l e c -  
t i o n  r a t e  a t  t h e  c a p i l l a r y  c o n t r o l  sy s t em i s  e x t r e m e l y  i m p o r t a n t  
t o  t h e  p rope r  s i z i n g  o f  t h e  r e t a i n e d  p r o p e l l a n t  compartment. I f  
p r o p e l l a n t  i s  i n  c o n t a c t  w i t h  t h e  compartment ,  l i t t l e  o r  no pro-  
p e l l a n t  i s  consumed from t h e  compartment d u r i n g  e n g i n e  r e s t a r t  and 
o p e r a t i o n .  However, i f  t h e  p r o p e l l a n t  has  m ig ra t ed  t o  t: e o p p o s i t e  
end o f  t h e  t a n k ,  t h e  p r o p e l l a n t  feed w i l l  b e  s u p p l i e d  from t h e  com- 
par tment  b e i n g  r e p l a c e d  by u l l a g e  g a s  u n t i l  s u f f i c i e n t  l i q u i d  f low 
i s  e s t a b l i s h e d  from t h e  bu lk  l i q u i d  r e s e t t l i n g  t o  s u p p l y  t h e  pro- 
p e l l a n t  b e i n g  d i s p l a c e d .  The l i q u i d  c o l l e c t i o n  r a t e  I s  a f u n c t i o n  
o f  t h e  p r o p e l l a n t  f low t o  t h e  con t a inmen t  d e v i c e  due  t o  t h e  a c c e l -  
e r a  t i o n  from e n g i n e  t h r u s t  b u i l d c p  minus t h e  amount l o s t  due t o  
p r o p e l l a n t  g e y s e r i n g  o r  rebound from t h e  con ta inment  a r e a .  The 
a c c e l e r a t i o n  environment  b e f o r e  engii le  t l x u s t  b u i l d u p  i s  on t h e  
o r d e r  o f  l o m 5  g  ( t y p i c a l  v a l u e  f o r  s p a c e c r a f t  o f  t h i s  s i z e  c l a s s ) ,  
whicll r e s u l t s  i n  a  Bond number o f  a p p r o x i m a t e l y  two f o r  t h e  N,O, 
tank.  Tlle t a n k  i n t e r f a c e  a s s o c i a t e d  w i t h  t h i s  a c c e l e r a t i o n  l e v e l  
i s  shown i n  F i g .  111-19 f o r  t h e  t a n k  c o n t a i n i n g  a s t i l l w e l l .  The 
r e s e t t l e  a c c e l e r a t i o n  1t:vel v a r i e s  from a b o c t  0 .6  t o  0.85 g. Th i s  
r e s u l t s  i n  a r e s e t t l e  Bond number o f  app rox ima te ly  100,000 f o r  t h e  
o x i d i z e r  t a n k  and 75 ,000  f o r  t h e  f u e l  t a n k ,  ba sed  on t a n k  r a d i u s .  

The s u b j e c t  o f  l i q u i d  r e o r i e n t a t i o n  h a s  been d i s c u s s e d  b o t h  
a n a l y t i c a l l y  and e x p e r i m e n t a l l y  a t  c o n s i d e r a b l e  l e n g t h  ( R e f  11-6  
and - 1  t h r u  1 1 1 -  However, i n  most o f  t h e s e  c a s e s  t h e  
d i s - u s s i o n  h a s  been c o n f i n e d  t o  a c a s e  f o r  a c l e a n  c y l i n d r i c a l  - t a n k  w i t h  a s p h e r i c a l  bot tom and  s u f f i c i e n t  p r o p e l l a n t  t o  e l i m i -  
n a t e  the t a n k  t o p  end e f f e c t s .  

¶ 

I 

S 
F o r  a c y l i n d r i c a l  t a n k  w i t h  a curved  i n t e r f a c e  i t  h a s  been  

e x p e r i m e n t a l l y  shown t h a t  t h e  n a t u r e  o f  t h e  r e o r i e n t a t i o n  i s  f o r  
l i q u i d  t o  f l o w  a l o n g  t h e  w a l l  w i t h  t h e  l i q u i d  g a s  i n t e r f a c e  moving 



up i n  t h e  c e n t e r  a s  shown i n  F i g .  111-20.  When t h e  l e a d i n g  edge  
o f  t h e  l i q u i d  r e a c h e s  t h e  bottom, momentum o f  t h e  l i q u i d  r e s u l t s  
i n  a tendency f o r  t h e  l i q u i d  t o  rebound o r  g e y s e r .  An experimen- 
t a l  s t u d y  of  geyse r  f o rma t ion  was conduc ted  (Ref 111 - l2 ) ,  which 
e s t a b l i s h e d  a Weber number c r i t e r i o n  f o r  g e y s e r  f o rma t ion  f o r  bo th  
convex and concave boktom t anks .  F o r  t h e  c o n f i g u r a t i o n s  t e s t e d  
g e y s e r i n g  always occu r r ed  a t  a  Weber number g r e a t e r  t h a n  4. While 
t h e s e  d a t a  were g e n e r a t e d  f o r  a  r e o r i e n t a t i o n  Bond number r a n g e  o f  
3 t o  70 [much lower t h a n  t h e  r e se t t l e  Bond numbers ' f o r  t h e  SPS 
(Bo >> 1000 ) ] ,  a d d i t i o n a l  d a t a  (Ref 111-13), h a s  shown g e y s e r i n g  
t o  occu r  f o r  Bo o f  2900 and We > 19,000,  whfch i s  n e a r e r  t h e  r ange  
f o r  t h i s  s y s  tern. T h e r e f o r e  p r o p e l l a n t  g e y s e r i n g  fo l l owing  impinge- 
ment o f  t h e  l e a d i n g  l i q u i d  edge  on the c a p i l l a r y  cove rp l a  t e s  would 
be expec t ed ,  

I n i t i a l  I n t e r f a c e  

Tank 

1 A c c e l e r a t i o n  

Gas 

R e s e t t l e  Flow 

F i g .  111-20 Liquid R e o r i e n t a t i o n  Flow 



The p re sence  o f  t h e  g e y s e r  phenomena makes t h e  e s t imaL ion  o f  
l i q u i d  c o l l e c t i o n  r a t e  ex t r eme ly  d i f f i c u l t .  For  t h e  h i g h  rese t t l e  
Bond numbers and t h e  geome t r i c  shape i nvo lved  i n  t h e  c a p i l l a r y  
des ign ,  no a n a l y t i c a l  t r e a t m e n t  i s  known and any  such e f f o r t  would 
by n e c e s s i t y  i n v o l v e  e x t e n s i v e  e x p e r i m e n t a l  o b s e r v a t i o n .  However, 
maximum c o l l e c t i o n  r a t e s  c an  b e  est/,.ma t e d  f o r  t h e  r e o r i e n t a t i o n  
c o n d i t i o n s  assuming no g e y s e r  forma t i o n .  

For  a c y l i n d r i c a l  t ank  w i t h  w a l l  f l ow  o n l y ,  Gil le  and Gluck 
conducted  an  e x p e r i m e n t a l  program t o  de t e rmine  t h e  i n t e r f a c e  ve-  
l o c i t y .  S t a r t i n g  w i t h  t h e  p o t e n t i a l  f low t h e o r y  developed by 
Davies and T a y l o r  (Ref 111-14) f o r  t h e  u l l a g e  v e l o c i t y  

An e x p e r i m e n t a l  program was conducted  t o  de t e rmine  t h e  e f f e c t  o f  
v i s c o s i t y  (Reynolds number) and s u r f a c e  t e n s i o n  (Bond number) on 
t h e  reset t ? i n g  f low (Froude number). The s e t t l i n g  e q u a t i o n  sug-  
g e s t e d  by t h i s  c o r r e l a t i o n  i s :  

As t h i s  e q u a t i o n  shows, f o r  l a r g e  Bond numbers t h e  f u n c t i c n  
1.131 

, app roaches  . A:, T:YG i u a t i o n  of t h e  Reynolds number 

a l s o  sugges t ed  t h a t  f o r  R e  > 500 t h e  t:errn E(Re) approaches  1. 
For  t h e  l a r g e  Reynolds numbers (>>500) and Bond numbers (>>1100) 
encounte red  d u r i n g  t h r u s t i n g  i n  t h e  SPS, t h e  e q u a t i o n  r educes  t o :  

A d d i t i o n a l  e x p e r i m e n t a l  work t o  r e l a t e  t h e  Froude  nuwber and Bond 
number was conducted  by Masica and P e t r a s h .  T h e i r  d a t a  i n d i c a t e  
t h a t  f o r  a  Bond number g r e a t e r  t h a n  12 t h e  u l l a g e  v e l o c i t y  c a n  be 
d e s c r i b e d  by t h e  r e l a t i o n s h i p :  

Th i s  r e l a t i o n s h i p  appeared  t o  be v a l i d  f o r  b o t h  low ( 0 . 0 1  t o  0.08 g: 
1 <_ Bo <_ 70) and 1-g (1 < Bo < 2000) r e s e t t l e  c o n d i t i o n s .  An a n a l y -  
s i s  of t h e  l e a d i n g  edge  ~ i s p l ~ c a m e n t  c h a r a c t e r i s t i c s  o f  t h e s e  d a t a  
r e s u l t e d  i n  t h e  r e l a  t i o n s h i p :  



1 I i s tllc magnitude o f  tilt lea3i.ng csdgc n c c e l e r a t i ( ~ n .  Fra7- 
I ,  

I i t -  f i t  ( 1 2 )  tllc c q u a t i   ox^ reduces  t o :  

T h i  s crlrrcl  nti .on was r c s t r i c  t e d  t o  experitricr~fa 1 da ta  f a r  d i s  t ances  
c)E nppr-x i  tn:~ t c! l y  t WC) times tile r.y l i tzder di.arneter. 

I f  1 p r o f i l e  o f  t h e  u l l a g e  i n t e r f a c e  remains cons tan^ through- 
o u t  tllc o r i e n t a t i o n  mode, the r e l a t i o n s h i p  u f  E q  [LEI-291 can  b e  
used  t o  de te rmine  the  l i q u i d  c o l l e c t i o n  r a t e  ( X  ) f o r  a  no-rebot~nd 
concli t ion: I, 

wllurt? r) i s  t he  mi.ninlurn t h i c k n e s s  of t h e  w a l l  flow. Based ugon 
t h i s  i d e a l  c o n d i t i o n ,  t h e  c o l l e c t e d  volume ve r sus  time i s  shown 
i n  P ig .  I T i - 2 1  f o r  n i t r o g e n  t e t r o x i d e .  A s  shown, t h i s  c o l l e c t i o n  
r a  tt: excec:tls t he  s t eady- s  t a  t e  f low c o n d i t i o n  by o r d e r s  of magni- 
t u d e ;  s o  once t11c r e s e t t l e  f low i s  e s t a b l i s h e d ,  t h e  containment  
c1evi.c~ wi.11 no l.on;;cr be r e q u i r e d  t o  sl ipply p r o p e l l a n t  f eed  t o  
tile c7zgine. 

A s  tna1:tioned e a r l i e r ,  geyser  f low would h e  expec ted  a t  the 
r c s c t - t l o  Webcr numbers f o r  t h e  p ro to type  system. This  geyse r  f low 
~ $ o u l d ,  i n  e f f e c t ,  lower t h e  c o l l e c t i o n  r a t e  by t h e  q u a n t i t y  of  
rc!ho~lnding 1i.quid. S i n c e  t h e  ideal.  c o l l e c t i o n  r a t e  i s  o r d e r s  of  
nlagni t u d c  ,.rb~)ve t11; o u t £  low requiiietnent, t h e  a c t u a l  c o l l e c t i o n  
r a t c  s l ~ o u l d  bc s u f f i c i e n t  t o  supply  eng inc  feed s h o r t l y  a f t e r  Jm- 
pi  ngctl~ctmt <)f the l e a d i n g  l i q u i d  ~ ~ d g e .  The re fo re  primary cons ide r -  
a t  ir1r.l f o r  r e s e t t l e  feed i n  t h e  SPS a p p e a r s  t o  be  s f u n c t i o n  of t h e  
vcloci t y (1 f the l i q u i d  l e a d i n g  edge r a t h e r  than  t h e  c o l l e c t i o n  
u n  t c ,  

Based on E q  [111-311, the  t i  tie f o r  t h e  l e a d i n g  edge t o  impinge 
on Ylc upper c o v e r p l a t e  a s  a  f u n c t i o n  o f  t h e  v e h i c l e  a c c e l e r a t i o n  
f o r  a  s t r a i g h t  c y l i n d r i c a l  t ank  i s  p re sen ted  i n  F i g ,  111-22. T h i s  
p l o t  shows if t h e  end e f f e c t s  and i n i t i a l  t r a n s i e n t  e f f e c t s  a r e  
i g n a r ~ d ,  tIic l i q u i d  w i l l  b eg in  t a  feed the  containment  r e s e r v o i r  
i n  l e s s  tllarl 0.9 s e c  f o r  a l l  c a s e s .  

W i l e  the nbovc a n a l y s i s  i s  ~t b e s t  a  c rude  approximat ion of 
t h e  a c t u a l  condLtinns f o r  t h e  system, the d e s i g n  margin i s  l a r g e  

4 
e 

enough t h a t  n more r i g o r o u s  t r ea tmen t  does  n o t  appear  naces sa ry .  
I 

P r o p e l l a n t  r e s e t t l e  for t h e  no-hardware-modif i c a  t i o n  d e s i g n  i s  
canzplicated by t h e  presence  u f  { ~ r t e r n a l  hardware  5n t h e '  t a n k  a s  
s l w % ~ ~  i n  F i g .  11-2. I n  a d d i r i u n  t o  t h e  c e n t r a l  s t a n d p i p e ,  t h e  

IF 





Time (sec)  

F ig .  111-22 Prope l l an t  R e s e t t l e  Time 



d e f l e c t i o n  r i n g  near  the  c a p i l l a r y  b a r r i e r  red!.rects the  propel-  
l a n t  trave1,ing down the  c e n t e r  and t h e  rebounding p rope l l an t  from 
t h e  wall  flow. With t h i s  geometry a  g r e a t  d e a l  of l i q u i d l g a s  
mixing and turbulence r e s u l t s .  This  turbulence  would be expected 
t o  d i s r u p t  and a t t e n u a t e  t h e  geyser phenomena. 

R e s e t t l e  t e s t s  were conducted t o  e s t a b l i s h  t h e  g e n e r a l  char-  
a c t e r i s t i c s  of t h e  flow accumulation a t  the  c a p i l l a r y  b a r r i e r .  
Froude number was s e l e c t e d  a s  the  s c a l i n g  parameter f o r  the s e t -  
t l . ing mode i n  t h e  115-scale model. Seventeen r e s e t t l e  t e s t s  were 
conducted. The major i ty  o f  t h e  1 7  tests were used i n  checkout t o  
e s t a b l i s h  f  lowrates  and t o  synchronize l i q u i d  r e s e t t l e  and out f low 
i n i t i a t i o n .  The f i r s t  c o n f i g u r a t i o n  of the  r e s e t t l e  t e s t  appara- 
t u s  i s  p ic tu red  i n  Fig. 111-23. The b a r r e l  s e c t i o n  of  the  115- 
s c a l e  model was lengthened t o  provide a d d i t i o n a l  f a l l  he igh t  f o r  
t h e  r e s e t t l i n g  l i q u i d .  Ethanol  was used f o r  t h e  t e s t  f l u i d .  The 
l i q u i d  t o  be r e s e t t l e d  was s to red  i n  t h e  upper compartment, which 
contained a  coa r se ,  square weave sc reen  cover ing  the  base. Liquid 
was r e t a i n e d  i n  t h e  compartment by pressure-supported,  su r face  
t ens ion  s t a b i l i z e d  pores of t h e  screen.  Liquid was re l eased  by 
vent ing  t h e  top coverp la te  of  the  conta iner .  Mall f low of t h e  
s e t t l i n g  1 i qu id  was achieved by t h e  c o n i c a l  d e f l e c t o r  loca ted  a t  
t h e  top of  t h e  b a r r e l  s e c t i o n  below t h e  screen. The b a r r e l  sec- 
t i o n  was vented t o  atmosphere t o  e l i m i n a t e  back p ressu re  e f f e c t s .  
Liquid out f low from the  compartments under t h e  c o n i c a l  b s r r i e r s  
was achieved by opening the  outf low va lve  t o  an evacuated c a t c h  
tank. The f lowra te  was c o n t r o l l e d  by the  vacuum l e v e l  i n  t h e  c a t c h  
tank. The c a t c h  tank had s u f f i c i e n t  volume f o r  t o t a l  outf low wi th  
n e g l i g i b l e  pressure  inc rease  providing e s s e n t i a l l y  cons tan t  l i q u i d  
olltflow f o r  the  test  dura t ion .  R a s e t t l e  and outf low were i n i t i a t e d  
by vent ing  t h e  upper r e s e r v o i r  and opening t h e  outf low valve  simul- 
taneously.  Liquid behavior i n  t h e  v i c i n i t y  o f  t h e  coverp la tes  was 
documente? on 16 mm f i l m  exposed a t  200 and 64 fps .  Two cameras 
were used; one covered t h e  tank  o u t l e t  and one covered the  upper 
c o v e r p l a t e  a rea .  Tes t s  were made us ing  r e s e t t l e  l i q u i d  volumes o f  
10% and 20% of t h e  bulk p r o p e l l a n t ,  excluding t h e  t r a p  volume. 
Some u l l a g e  gas en te red  t h e  compartment under t h e  top  coverp la te  
before  adequate  r e s e t t l i n g  occurred,  but  complete d r a i n i n g  of gas- 
f r e e  l i q u i d  was achieved. The l i q u i d  s e t t l i n g  h e i g h t s  used dur ing  
t h e  t e s t s  were l a r g e r  than  requ i red  i n  co'nserving ' the Froude num- 
ber .  Heights approximately twice t h e  r equ i red  va lues  were used t o  
promote geyser ing  and t o  i n c r e a s e  t h e  r equ i red  s e t t l i n g  time. The 
performance of t h e  system under t h e s e  cond i t ions  was s a t i s f a c t o r y .  



Col l c c  t i o n  r a t e s  and lower compar tncnt  r e f i l l  were a d e q u a t e  t o  
e n s u r e  g a s - f r e e  l i q u i d  w i t h d r a w a l  a t  t h e  s c a l e d  o u t f l o w  r a t e .  A 
sequence  o f  s i n g l e  frame e n l a r g e m e n t s  t a k e n  from 16 mn: f i l m  used 
t o  documcnt t e s t  r e s u l t s ,  p r e s e n t e d  e a r l i e r  i n  F ig .  11-14,  show 
tile r e s e t t l e  c h a r a c t e r i s  t i c s  i n  t h e  model. A h i g h e r  c o n f i d e n c e  
1r.vel f o r  r e l i a b l e  performance  was a c h i e v e d  by d e m o n s t r a t i n g  gas -  
f r e e  l i q u i d  e x p u l s i o n  a t  f l o w r a t e s  f o u r  t imes  t h e  s c a l e d  o u t f l o w  
r a t e .  

I Bsrrie 



ZERO -G INTERFACE ANALYSIS 

The s c r e e n  l i n e r  i n  t h e  lower compartment must p revent  gas  
p e n e t r a t i o n  i n t o  t h e  l i n e r  d u r i n g  p r o p e l l a n t  o u t f l o , ~ .  The most 
c r i t i c a l  pe r iod  i s  when t h e  compartment i s  i n  a  near-empty condi -  
t i o n .  A t  t h i s  t ime ,  t h e  l i q u i d l l i n e r  c o n t a c t  a r ea  i s  d e c r e a s i n g ,  
which r e s u l t s  i n  a n  i n c r e a s e  i n  t h e  flow r e s i s t a n c e  a c r o s s  t h e  
l i n e r ,  and hence ,  a  h i g h e r  d r i v i n g  p r e s s u r e  t h a t  must be suppor ted  
by t h e  s c r e e n .  For  p o s i t i v e  a x i a l  t h r u s t  t h e  l i n e r  w i l l  d r a i n  com- 
p l e t e l y  b e f o r e  gas  i n g e s t i o n  a t  t h e  o u t l e t .  

A c r i t i c a l  per iod  t h a t  may r e s u l t  i n  premature gas  i n g e s t i o n  
through t h e  l i n e r  i s  d u r i n g  a  low-g s t a r t  t r a n s i e n t  w i t h  a  low 
p e r c e n t  o f  p r o p e l l a n t  remain ing .  I f  t h e  p r o p e l l a n t  does n o t  con- 
t a c t  s u f f i c i e n t  l i n e r  a r e a  a t  t h e  t ime o f  va lve  opening t h e  r e s i s t -  
ance  a c r o s s  t h e  l i n e r  could r e s u l t  i n  gas  i n g e s t i o n  u n t i l  t h e  pro-  
p e l l a n t  was o r i e n t e d  o v e r  t h e  o u t l e t  due t o  main engine  t h r u s t  
bu i ldup .  

An a n a l y s i s  was conducted t o  e s t a b l i s h  t h e  low-g e q u i l i b r i u m  
i n t e r f a c e  shape  f o r  t h e  lower compartmer:t geometry s o  t he  l i q u i d /  
l i n e r  c o n t a c t  a r e a  could be  e s t a b l i s h e d .  The system environment 
o f  I.o-' g  was used t o  e s t a b l i s h  t h e  i n i t i a l  i n t e r f a c e  shape.  The 
expected l i q u i d  c o n f i g u r a t i o n  w i l l  be a  f u n c t i o n  o f  t h e  l i q u i d  
l o c a t i o n  b e f o r e  e n t e r i n g  t h e  low-g environment.  T h i s  i s  i l l u s -  
t r a t e d  i n  F i g .  111-24,  where t h e  l i q u i d  l o c a t i o n  i s  shown f o r  s i m -  
i l a r  q u a n t i t i e s  o f  f l u i d  s t a r t i n g  w i t h  t h e  l i q u i d  o r i e n t e d  from a  
n e g a t i v e  a c c e l e r a t i o n  and from a  p o s i t i v e  a c c e l e r a t i o n .  For  t h e  
system w i t h  t h e  l i q u i d  i n i t i a l l y  over  t h e  o u t l e t ,  F i g .  111-24(c) ,  
t h e  l i n e r  c o n t a c t  a r e a  i s  l a r g e  even f o r  smal l  percen tages  o f  l i q -  
u id  s i n c e  t h e  tendency i s  f o r  t h e  l i q u i d  t o  spread on  t h e  l k n e r  
s u r f a c e .  The l i m i t i n g  c a s e  i s  t h a t  where t h e  l i q u i d  i s  i n i t i a l l y  
l oca t ed  i n  t h e  c o n i c a l  b a r r i e r  s e c t i o n  [ F i g .  111-24(a)] .  The 
e q u i l i b r i u m  i n t e r f a c e  c o n d i t i o n s  f o r  d i f f e r e n t  l i q u i d  q u a n t i t i e s  
were c a l c u l a t e d  f o r  t h i s  p r o p e l l a n t  c o n f i g u r a t i o n  u n t i l  t he  l i q u i d  
i n t e r f a c e  became d i s c o n t i n u o u s  w i t h i n  t h e  c o n t a i n e r  boundar ies .  
A t  t h i s  p o i n t  i t  i s  n o t  p o s s i b l e  t o  p r e d i c t .  t h e  l o c a t i o n  from a  
minimum energy  c o n s i d e r a t i o n  s i n c e  t h e  e lements  o f  f l u i d  can be 
independent  o f  each  o t h e r  and have d i f f e r e n t  i n t e r f a c e  c u r v a t u r e s .  



(a j Initial Configuratl.on, Liquid on Top 

(b )  Low -g Configuraticn, Liquid on Top 

(c) Initial Configuration, Gas on Top 

(d) Low-g Configuration, Gas on Top 

Fig. 111-24 Lower Compartment Interface Dependence on Initial Liquid Location 



Two approaches  were used t o  b r a c k e t  t h e  s u r f a c e  a r e a  covered 
by t h e  p r o p e l l a n t  a s  a  f u n c t i o n  o f  t h e  amount o f  l i q u i d  i n  t h e  
compartment. One was t o  s t a r t  w i t h  a  smal l  u l l a g e  bubble  a t  t h e  
o u t l e t  end o f  t h e  c e n t e r  s t a n d p i p e  and p r o g r e s s i v e l y  i n c r e a s e  
the  s i z e  o f  t h e  u l l a g e  volume u n t i l  t h e  u l l a g e  c o n t a c t s  t h e  w a l l  
a t  which p o i n t  t h e  s o l u t i o n  i s  no longe r  meaningful.  The computer 
s o l u t i o n s  o f  s e v e r a l  i n t e r f a c e  l o c a t i o n s  f o r  d i f f e r e n t  l i q u i d  
q u a n t i t i e s  a r e  shown i n  F i g .  111-25. T h i s  s o l u t i o n  was used t o  
de te rmine  t h e  l i n e r  c o n t a c t  a r e a  curve  p re sen ted  e a r l i e r  i n  F i g .  
11-18. To de te rmine  t h e  maximum q u a n t i t y  o f  l i q u i d  t h a t  could 
remain i n  a  s t a b l e  e q u i l i b r i u m  p o s i t i o n  i n  t h e  compartment a t  lo-' 
g  and n o t  c o n t a c t  t h e  l i n e r ,  a  second series o f  c a l c u l a t i o n s  were 
performed s t a r t i n g  w i t h  a  smal l  l i q u i d  q u a n t i t y  a t  .:;he c e n t r a l  
s t andp ipe  i n  t h e  apex o f  t h e  c o n i c a l  b a r r i e r  ( i . e . ,  ve ry  l a r g e  
u l l a g e  bubble  a t  t h e  o u t l e t  end).  The l i q u i d  q u a n t i t y  was i n -  
c reased  u n t i l  c o n t a c t  w i t h  t h e  l i n e r  s u r f a c e  was e s t a b l i s h e d .  
Add i t i ona l  l i q u i d  would r e s u l t  i n  c a p i l l a r y  pumping i n t o  t h e  c o r n e r  
formed by t h e  c o n i c a l  b a r r i e r  and t h e  s c r e e n  l i n e r  ~ e s u l t i n g  i n  
l i q u i d l l i n e r  c o n t a c t .  The maximum va lue  t h a t  could e x i s t  w i t h o u t  
c o n t a c t  was determined t o  be 17.6% o f  t h e  p r o p e l l a n t  i n  t h e  com- 
par tment .  Two computer i n t e r f d c e  p o s i t i o n s  a r e  shown i n  F i g .  
111-26. S ince  t h e  17.6% l i q u i d  q u a n t i t y  i s  n e a r l y  i d e n t i c a l  t o  
t h e  d i s c o n t i n u i t y  p o i n t  f o r  t h e  i n t e r f a c e  s o l u t i o n  s t a r t i n g  w i t h  
t h e  sma l l  u l l a g e  bubble ,  i t  can be p o s t u l a t e d  t h a t  f o r  a  l i q u i d  
q u a n t i t y  i n  exces s  o f  18% t h e  f l u i d  w i l l  be pumped i n t o  t h e  con- 
f i g u r a t i o n s  shown i n  F i g .  111-25. T h e r e f o r e ,  t h e  e q u f l i b r i u m  
p o s i t i o n  i n t e r f a c e  c o n t a c t  a r e a  p l o t  shown i n  F ig .  11-18 i s  v a l i d  
f o r  t h e  range  shown r e g a r d l e s s  o f  t h e  l i q u i d  d i s t r i b u t i o n  a t  i n i -  
t i a t i o n  o f  t h e  low-g environment.  The computer s o l u t i o n  involved 
s o l v i n g  f o r  t h e  axisymmetr ic  l i q u i d  f r e e  s u r f a c e  shape i n s i d e  a  
volume o f  r e v o l u t i o n  bounded by t h e  o u t s i d e  of  a  c i r c u l a r  c y l i n d e r ,  
the  i n s i d e  o f  a  cone,  and t h e  i n s i d e  o f  a hemisphere a s  shown i n  
F ig .  111-27. The boundar ies  o f  t h e  volume o f  r e v o l u t i o n  a r e :  

Cy l inde r :  r = r l  

Cone: 

Sphere:  

z = ( r  - r2) t a n  p 
C 

z = h l + ( m - r 3 )  
S 



(a) ' 66% Liquid i n  Trap 

Fig. 111-25 Canputer S~ lu t ione  of Free Interface Configuration 



(b) 53% Liquid i n  Trap 

Fig. 111-25 (cone) 



( c )  36% Liquid in Rap 

Fig. 111-25 (cont) 



(d) 17% Liquid in Trap 

Fig. 111-25 (concl) 



\ 

(a) 9% l i q u i d  in 

Fig. 111-26 Computer Solution of Free Interface' ~ o n f  i~urationl  



! (b) 17% Liquid in Trapt 

Fig. 111-26 [concl) 



Fig .  111-27 Conf igu ra t ion  f o r  Computer Ana lys i s  

The l i q u i d  p o s i t i o n  i n  t he  r e g i o n  i s  governed by a  ba lance  between 
s u r f a c e  t e n s i o n  and g r a v i t y  f o r c e s ,  a s  expressed i n  t h e  Young- 
Laplace  eqt ia t ion.  W r i t t e n  i n  pa rame t r i c  form, rL(v)  and zL(q) 

r e p r e s e n t  t h e  c o o r d i n a t e s  o f  t h e  f r e e  s u r f a c e ,  where Cp i s  t h e  s l o p e  
of t h e  s u r f a c e  dz L  / d r L .  

The n o n l i n e a r  Young-Laplace e q u a t i o n  i s  

t h e n  a l s o  expressed i n  pa rame t r i c  form a s  

d r L  = Cos v d{[b + kL - h) - s i n  pL] 
d z ~  = cos df [b + jzL - h j  - s i n  ' ~ / r ~ ]  

b i s  the  c u r v a t u r e  a t  r = r l ,  zL = h;  h i s  t h e  l i q u i d  h e i g h t  a t  L 
r = rl.  Nondimensional forms based on rl a r e  a s  fo l lows  

L  



and 

d r  = [cos 9 /(C + B(z - zl) - s i n  (p/r) 1 d p  [III-39) 

dz = [ s in  v /  (C f B ( Z  - ) - s i n  cp/r) dq [ 111 -40) 

The i n t e g r a t i o n  of  cp i s  between t h e  s lopes  a t  the  s o l i d  w a l l s  of 
c o n t a c t ,  r e f l e c t i n g  the  phys ica l  c o n t a c t  angle .  The i n t e g r a t i o n  
i s  performed from one wa l l  t o  another .  h  i s  an i n p u t  i tem,  b  i s  
an  unknown t o  be determined from t h e  boundary cond i t ions .  b  i s  
f i r f i t  es t imated  from l i n e a r  theory;  then t h e  i n t e g r a t i o n  i s  per- 
formed. I f  the  oppos i t e  wa l l  i s  not  reached when t h e  appropr ia t e  
w a i l  s l o p e  i s  reached,  then the  va lue  o f  b  i s  adjus ted  u n t i l  t h i s  
happens. 

There a r e  four  l i q ~ i d  p o s i t i o n s  o f  p o s s i b l e  i n t e r e s t :  t he  con- 
f i g u r a t i o n  drawn i n  F ig .  111-27, t h e  l i q u i d  i n '  t h e  top corne r ,  t h e  
l i q u i d  between t h e  cy l inder  and t h e  cone, and the  l i q u i d  between 
t h e  cone and sphere.  

The l i q u i d  volume has been computed from the  l o c a t i o n  o f  the  
f r e e  s u r f a c e .  The volume i n t e g r a l  i s  composed of  t h r e e  p a r t s  i n  
genera 1, 

+ *qr2 ( z  s - z  c ) r d r  

rL("/2) 

To suppor t  t h e  equ i l ib r ium i n t e r f a c e  a n a l y s i s  a  s e r i e s  o f  
low-g drop t e s t s  were conducted. Both 115-scale and 1112-scale 
models of  t h e  lower compartment were used. T e s t s  were conducted 
w i t h  20, 40,  and 60% of  t h e  compartment volume f i l l e d .  The r e -  
s u l  ts a r e  shown i n  F ig .  111-28 t h r u  111-30. 



(a) Test  15,  25% Compartment F i l l  

-- 

(b) Test  16 ,  5Q% Compartment F i l l  

( c )  Test  17 ,  75% Compartment F i l l  

F i g .  111-28 1/5-Scale Low-g Interface Starting with Liquid over Outlet 



(a) T e s t  11, 25% Compartment F i l l  

(b) T e s t  1 2 ,  50% Compartment F i l l  

( c )  T e s t  13,  75% Compartment F i l l  

F i g .  111-29 1 / 5 - S c a l e  Low-g I n t e r f a c e  S t a r t i n g  from I n v e r t e d  P o s i t i o n  



(a)  Test 18, 25% F i l l ,  Inverted Pos i t ion 

I 
( b )  Test 18,  252 , I n i t i a l  Liquid over Outlet 

F i g .  I 1/12-Scale Model Low-g Interface Tests 



A l l  low-g t e s t s  were conducted i n  the  Low-g Drop Tower. The 
zero-g cond i t ion  i s  achieved by s h i e l d i n g  t h e  experimental  package 
from drag  f o r c e s  encountered dur ing  t h e  drop. An evacuated d r a g  
s h i e l d  con ta in ing  t h e  experimental  capsule  provides a  zero-g en- 
vironment by al lowing r e l a t i v e  v e r t i c a l  d i s p l ,  cement between cap- 
s u l e  and s h i e l d  a s  t h e  drag  fo rces  a c t .  

A t o t a l  o f  19  zero-g t e s t s  were conducted using 115- and 1112- 
s c a l e  p l e x i g l a s s  models. The lower compartment o f  the  a c q u i s i t i o n  
device was used f o r  these  tests. The con ica l  screen  and per fora ted  
p l a t e  was replaced by a  p l a s t i c  cone s o  the  l iquid-vapor  i n t e r f a c e  
could be observed through f i l m  coverage from above a s  w e l l  a s  from 
the s i d e ,  Color f i l m  exposed a t  200 fps  was used t o  record the  
l iquid-vapor  i n t e r f a c e  h i s t o r y  dur ing  the  t e s t s .  Both top and 
s i d e  views were recorded on t h e  same f i l m  using a  mir ror  (Fig.  
1x1-31). The a t t i t u d e  o f  t h e  models was s e t  t o  s imula te  both a  
p o s i t i v e  and nega t ive  acce le ra t ion  environment before zero-g e n t r y ,  

, i . e . ,  l i q u i d  bottomed i n  t h e  hemisphere and a g a i n s t  t h e  con ica l  
coverp la te ,  r e s p e c t i v e l y .  The model was mounted with t h e  o u t l e t  
down f o r  t h e  former cond i t ion  and inver t ed  f o r  the  l a t t e r .  

The t e s t  l i q u i d  s e l e c t e d  f o r  t h e s e  t e s t s  was FC-43, a  f luoro-  
chemical l i q u i d  produced by Minnesota Mining and Manufacturing 
Co., S t .  Paul ,  Minnesota. Th i s  l i q u i d  i s  r e l a t i v e l y  i n e r t  and 
s imula tes  N204 f a i r l y  we l l  i n  t h e  p e r t i n e n t  physical. p r o p e r t i e s ,  
su r face  t ens ion ,  and d e n s i t y .  

The 1 /5 - sca le  model was used i n  both t h e  upr ight  and inver t ed  
a t t i t u d e s  wi th  the  l i q u i d  q u a n t i t i e s  o f  751 50, and 25% of  the  
t o t a l  compartment volume. These r e p r e s e n t  approximately 2.3,  1 .5 ,  
and 0.8% of  t h e  t o t a l  tank volume. The zero-g time a v a i l a b l e ,  
2.1 s e c ,  was marginal f o r  t h e  i n t e r f a c e  t o  form i n  t h e  t r a n s i t i o n  
from g r a v i t y  dominated t o  zero-g f o r  the  25% case.  T e s t s  using 
the  1 /12-sca le  model were a l s o  used t o  i n v e s t i g a t e  t h e  i n t e r f a c e  
formation i n  t h i s  case .  

The r e s u l t s  from these  t e s t s  i n d i c a t e  : ~ u f f i c i e n t  l i q u i d - t o -  
s c r e e n - l i n e r  con tac t  a r e a  t o  provide gas f r e e  l i q u i d  withdrawal 
during t h e  engine r e s t a r t  t r a n s i e n t .  



F::. 111-31 JAow-g Interface Test Apparatus 



F. SIPHONING 

One o f  t h e  p r o b l e m  a s s o c i a t e d  w i t h  t h e  p r e s e n c e  o f  t h e  g a g i n g  
s y s t e m  s t i l l w e l l  i n  t h e  n o - h a r d w a r e - m o d i f i c a t i o n  d e s i g n  i s  t h e  
p o s s i b i l i t y  o f  t h e  s t i l l w e l l  a c t i n g  a s  a s i p h o n  d u r i ~ l g  n e g a t i v e  
a c c e l e r a t i o n s  and pumping l i q u i d  from t h e  compartments .  S e v e r a l  
d e s i g n  i n n o v a t i o n s  were  i n c l u d e d  t o  r e l i e v e  t h i s  problem. However, 
u n d e r  t h e  h i g h  n e g a t i v e  a c c e l e r a t i o n s  some p r o p e l l a n t  l o s s  i s  pos-  
s i b l e .  A s c h e m a t i c  o f  t h e  s y s t e m  i s  shown i n  F i g ,  11-20 ,  The 
d e s i g n  i s  s u c h  t h a t  l i q u i d  l o s s  from t h e  compartment w i l l  no l o n g e r  
o c c u r  once  t h e  a n n u l a r  r e s e r v o i r  h a s  been c l e a r e d  o f  f l u i d .  The 
a n a l y s i s  was s e p a r a t e d  i n t o  two p a r t s ;  t h e  s u r f a c e  d r a i n i n g  from 

' t h e  a n n u l a r  c a v i t y  around t h e  s t i l l w e l l ,  and t h e  s i p h o n i n g  o f  t h e  
l i q u i d  from t h e  b a s e  o f  t h e  a n n u l u s .  

The p r imary  mode f o r  l i q u i d  d r a i n a g e  from t h e  a n n u l u s  i s  due 
t o  s i p h o n i n g  t h r o u g h  t h e  s t i i l w e l l .  The d r i v i n g  p o t e n t i a l  f o r  
s i p h o n i n g  i s  t h e  d i f f e r e n c e  i n  column h e i g h t  o f  f l u i d  i n  t h e  s t i l l -  
well and t h e  l i q u i d  i n  t h e  a n n u l u s ,  ZT, i n  F i g .  11-20,, The d r a i n -  
i n g  p o t e n t i a l  from t h e  c a p i l l a r y  compartment i s  caused by t h e  l i q -  
u i d  column h e i g h t  d i f f e r e n c e s  l e s s  t h e  r e t e n t i o n  c a p a b i l i t y  o f  
t h e  b a r r i e r .  Once t h e  a n n u l u s  l i q u i d  i s  c o m p l e t e l y  d r a i n e d ,  a s  
shown i n  F i g .  111-32,  t h e  l i q u i d  d r a i n a g e  p o t e n t i a l  from t h e  com- 
p a r t m e n t  r e v e r s e s  and g a s  a t t e m p t s  t o  e n t e r  t h e  lower  s c r e e n  c y l -  
i n d e r .  The p o r e  s i z e  o f  t h i s  s c r e e n  i s  s i z e d  t o  p r e v e n t  g a s  en-  
t e r i n g  f o r  t h e  n e g a t i v e  0 .2  g c o n d i t i o n  and t h e  l i q u i d  column 
h e i g h t ,  h ,  i n  F i g .  111-32.  

1, S iphon ing  A n a l z i s  Method 

The p o t e n t i a l  magni tude  o f  t h e  s t i l l w e l l  s i p h o n i n g  problem 
was e v a l u a t e d  w i t h  a n  e x i s t i n g  computer  program, w i t h  modif ica--  
t i o n s  t o  accommodate sys tem geometry ,  i n i t i a l  c o n d i t i o n s ,  and 
f u n c t i o n a l  r e q u i r e m e q t s .  The program i s  i n  FORTRAN I V  and i s  r u n  
on t h e  CDC C400 and 6500 computers  a t  M a r t i n  M a r i e t t a  C o r p o r a t i o n .  

The o r i g i a a l  ma themat ica l  model was d e r i v e d  t o  s i m u l a t e  low g  
and c a p i l l a r y  c o n t r o l l e d  l i q u i d  mot ion  i n  a  s t a n d p i p e  c o a x i a l l y  
l o c a t e d  i n  a  c l o s e d  c y l i n d e r .  T h i s  geometry i s  ana logous  t o  t h e  
s t i l l w e l l / a n n u l a r  r e s e r v o i r  a r rangement  i n  t h e  recommended SPS 
p r o p e l l a n t  r e t e n t i o n  sys tem d e s i g n ,  s o  t h e  major  t a s k  i n  program 
m o d i f i c a t i o n  was a d d i t i b n  o f  t h e  n e c e s s a r y  e q u a t i o n s  and l o g i c  t o  
s i m u l a t e  p e r t i n e n t  p r e s s u r e  d i f f e r e n c e s  and f low r a t e  induced i n  
t h e  p r o p e l l a n t  r e t e n t i o n  compartment.  The r e s u l t i n g  t h r e e  con- 
d u i t  f low sys tem n e c e s s i t a t e d  a n  i t e r a t i v e  s o l u t i o n  f o r  p r e s s u r e  
d r o p  and f l a w ,  i n  l i e u  o f  t h e  e x p l i c i t  s o l u t i o n  used f o r  t h e  d i -  
r ec t  coupled two c o n d u i t  sys tem.  

* 



Liquid Drainage I 

Point  of Gas Entry L' 

F i g .  111-32 S t a b i l i z e d  Compartment Annulus Draining 



The mat l lemat ica l  model r e p r e s e n t s  t h e  s y s t e m  shown i n  F i g .  
11-20, Tho forward  d i f f e r e n c i n g  t e c h n i q u e  i s  used t o  ob ta i r !  s o l u -  
t i o n s  f o r  s u c c e s s i v e  time i n c r e m e n t s .  A c c e l e r a t i o n  o f  l i q u i d  i n  
t h e  s t i l l w e l l 1  and i n  t h e  a n n u l a r  r e s e r v o i r  a r e  c a l c u l a t e d  from 
p r e s s u r e  d i , L f c r e n c e s .  T h e  method o f  Mi lne  i s  t h e n  used t o  i n t e -  
g r a t e  t h e s e  a c c e l e r a t i o n s  o v e r  t h e  t ime i n c r e m e n t  t o  g e t  v e l o c i t y  
and d i s p l a c e m e n t .  I f  t h e  d i f f e r e n c e  i n  p r e s s u r e  a c r o s s  t h e  upper  
s c r e e n  ( o r  p l a t e )  exceeds  t h e  r e s p e c t i v e  b u b b l e  p o i n t ,  l i q u i d  f l o w  
th rough  t h e  a n n u l a r  r e s e r v o i r  s c r e e n  i s  c a l c u l a t e d .  P r e s s u r e  
d r o p s ,  a c c e l e r a t i o n s  , and f lows  a r e  then  r e c a l c u l a t e d  u n t i l  t h e  
c o n t i n u i t y  e q u a t i o n  i s  s a t i s f i e d ,  The d e t e r m i n a t i o n  o f  l i q u i d  
l o s t  f rom t h e  r e t e n t i o n  compartment i s  c o n s e r v a t i v e ,  s i n c e  t h e  o n l y  
r e s i s t a n c e s  t o  f low i n  t h e  r e s e r v o i r  c o n s i d e r e d  a r e  t h e  b u b b l e  
p o i n t  o f  t h e  upper  s c r e e n  o r  p l a t e  and t h e  f low l o s s  ac ross  t h e  
a n n u l a r  r e s e r v o i r  s c r e e n ,  

Using t h i s  model a  p a r a m e t r i c  s t u d y  was conducted  t o  d e t e r m i n e  
under  what  c o n d i t i o n s  p r o p e l l a n t  l o s s  would o c c u r  and what  t h e  
magni tude  o f  t h e  l o s s  would be.  The r e s u l t s  a r e  shown i n  F i g .  II- 
21.  Whi le  some l i q u i d  l o s s  a t  h i g h  n e g a t i v e  a c c e l e r a t i o n s  w i l l  1 
o c c u r ,  t h e  smount i s  less  than  a  f o u r t h  o f  a  c u b i c  f o o t  f o r  t h e  
w o r s t - c a s e  s i t u a t i o n  f o r  t h e  s e l e c t e d  d e s i g n  w i t h  a 2 - i n .  - h i g h  
a n r ~ u l u s  s c r e e n .  T h i s  i s  o n l y  a b o u t  0.1% o f '  t h e  t o t a l  c o n t a i n e d  
p r o p e l l a n t  volume. 

2 .  Annulus D r a i n i n g  

T h e r e  a r e  two a p p r o a c h e s  i n  a n a l y z i n g  t h e  d r a i n i n g  o f  l i q u i d  
from t h e  a n n u l a r  r e g i o n  between t h e  c e n t r a l  t u b e  and t h e  s c r e e n  
t r a p .  The f i r s t  c o n s i s t s  o f  s e e k i n g  an  e x p l i c i t  s o l u t i o n  f o r  t h e  
s t e a d y - s t a t e  o u t f l o w  o f  l i q u i d  f rom such  a  r e g i o n ,  and t h e  second 
amounts t o  a  n u m e r i c a l  s o l u t i o n  o f  t h e  comple te  t ime-dependen t ,  
n o n l i n e a r  Nav ie r -S tokes  e q u a t i o n s .  

The e x p l i c i t  approach  assumes a  s e m i - i n f i n i t e  a n n u l u s ,  c l o s e d  
a t  one e n d ,  w i t h  l i q u i d  d r a i n i n g  s t e a d i l y  away toward i n f i n i t y .  
A c o o r d i n a t e  s y s t e m  i s  s e l e c t e d  t h a t  moves w i t h  t h e  i n t e r f a c e , ,  
Because  o f  t h e  a s s u m p t i o n  o f  s t e a d y  s t a t e ,  t h e  c o o r d i n a t e  s y s t e m  
moves w i t h  c o n s t a n t  v e l o c i t y  r e l a t i v e  t o  t h e  a n n u l u s ,  and t h e  i n -  
t e r f a c e  (which e x t e n d s  t o  i n f i n i t y  a s  i t  a p p r o a c h e s  t h e  c y l i n d r i -  
c a l  boundar ies )  d o e s  n o t  move o r  change  s h a p e  r e l a t i v e  t o  t h e  
c o o r d i n a t e  sys tem.  

i 
Assuming t h e  l i q u i d  f l o w s  w i t h o u t  r o t a t i o n  and i n c o m p r e s s i b l y .  - i 

down t h e  a n n u l u s ,  t h e  problem becomes one o f  s o l v i n g  L a p l a c e ' s  
e q u a t i o n  py2p = 0) w i t h i n  a  r e g i o n  bounded by two c o n c e n t r i c  c i r -  
c u l a r  c y l i n d e r s  and a  t h i r d  unknown boundary a p p r o p r i a t e  t o  a  



~;osouus  " o b ~ t a c l e ' ~  i n  t h e  a n n u l u s .  The u s u a l  boundary c o n d i t i o n ,  
s- + 

~ ( p  n ,  a p p l i e s  t o  a l l  t h e  b o u n d a r i e s .  I n  a d d i t i o n ,  p r e s s u r e  must 
h c  c o n s t a n t  a l o n g  t h e  unknown boundary.  I t  i s  a p p a r e n t ,  on t h e  
b a s i s  o f  e i t h e r  p h y s i c a l  o r  ma themat ica l  c o n s i d e r a t i o n s ,  t h a t  a l l  
o f  t h e s e  c o n d i k i o n s  c a n n o t  be ~ a t i s f i e d  f a r  a r b i t r a r y  f low s p s e d  
f o r  ups trca~n o f  the  g a s e o u s  o b s t a c l e .  Consequen t ly ,  s o l u t i o i l  o f  
.the problem w i l l  y i e l d  a n  e q u i l i b r i u m  f low v e l o c i t y  a t  which t h e  
assumed s t e a d y - s t a t e  d r a i n i n g  i s  p o s s i b l e .  

S i n c e  t h e  l i q u i d  f r e e  s u r f a c e  i s  b e i n g  t r e a t e d  a s  a  f i x e d  b u t  
unknown boundary ,  a  s t r a i g h t f o r w a r d  s o l u t i o n  o f  L a p l a c e ' s  e q u a t i o n  
t o  o b t a i n  a  v e l o c i t y  p o t e n t i a l  w i t h  enough unknnwn p a r a m e t e r s  t o  
a l l o w  t h e  f r e e  s u r f a c e  c o n d i t i o n s  t o  be s a t i s f i e d  i s  p r o b a b l y  n o t  
the most c o n v e n i e n t  p r o c e d u r e  t o  f o l l o w .  A s i m p l e r  approach  i n  
t l z i s  s o r t  o f  problem i s  t o  work w i t h  S t o k e s '  s t r e a m  f u n c t i o n .  

U n l i k e  t h e  o r d i n a r y  s t r e a m  f u n c t i o n  i n  r e c t a n g u l a r  c o o r d i n a t e s ,  
S t o k e s  ' s t r e a m  f u n c t i o n  d o e s  n o t  s a t i s f y  L a p l a c e ' s  e q u a t i o n ,  b u t  
r a t h e r  a  s l i g h t l y  d i f f e r e n t  e q u a t i o n :  

i f  we assume a x i a l  symmetry. We a r e  l o o k i n g  f o r  a  s o l u t i o n  i n  t h e  
form 

where  t h e  f i r s t  t e r m  on t h e  r i g h t  s i d e  r e p r e s e n t s  a  uniform s t r e a m ,  
s p e e d  u  , t h r o u g h o u t  t h e  a n n u l u s ,  and t h e  perturbation f u n c t i o n  

0 

l;i,- must s a t i s f y  t h e  f o l l o w i n g  c o n d i t i o n s  : ,. 

where  r b  r, a r e  t h e  r a d i i  o f  t h e  w a l l s  o f  t h e  a n n u l u s ,  and 

q5,i -+ 0 a s  z  - -  w [III-451 
1 

(i. e . ,  t h e  p e r t u r b a t i o n  f u n c t i o n  v a n i s h e s  f a r  upseream). F i n a l l y ,  A 

1 & 1 &  * I s i n c e  t h e  r a d i a l  and a x i a l  v e l o c i t y  components a r e  -- . and - 1 

r e s p e c t i v e l y ,  B e r n o u l l i ' s  e q u a t i o n  r e q u i r e s  r clz r d r y  

i f 
1 [$$ + [ I 2  = -2gr.z n 2 

[ 111 -461 
t 

on t h e  f r e e  s u r f a c e  ( g  i s  g r a v i t y  o r  s y s t e m  a c c e l e r a t i o n ) .  



The a p p r o p r i a t e  s o l u t i o n s  o f  E q  [III-421 ( s a t i s f y i n g  E q  [ I I I -  
ST]) w i l l  b e  i n  t h e  form 

For  \CIyr = 0 on any r = c o n s t a n t ,  k = B . Inproduc ing  t h e  c y l i n d e r  
n  11 func  t3.017. 

t h e n ,  we have 

where t he  e igenva lues  i, , r, a r e  determined from E q  [III-44.1: n  
n  

The A Is and u  can  then be de t e rmi t~ed  from t h e  f a c t  t h a t  t-here 
n  o 

must be a  s t a g n a t i o n  p o i n t  a t  t h e  uppermost p o i n t  on t h e  f r e e  s u r -  
f a c e ,  and t h e  requi rement  t h a t  t h e  p r e s s u r e  c o n d i t i o n ,  Eq  [ I I I -46)  , 
must be s a t i s f i e d  on t h e  a p p r o p r i a t e  two branches  of  t h e  s t a g n a -  
t i o n  s t r e a m l i n e .  

Two d i f f i c u l t i e s  r e n d e r  a  complete s o l u t i o n  o f  t he  problem 
u n l i k e l y ,  One i s  t h e  nonling. j r i t y  o f  t he  boundary c o n d i t i o n  ex- 
p ressed  i n  Eq [ I I I - 4 6 1 .  The o t h e r  i s  t h e  f a c t  t h ~ t  t h e  n a t u r e  o f  
t h e  o t h e r  boundary c o n d i t i o n s  i s  such t h a t  t h e  o r t h o g o n a l i t y  prop- 
e r t i e s  of  t h e  s o l u t i o n s  cannot  be r e a d i l y  e x p l o i t e d .  Consequent ly ,  
a computer program was w r i t t e n  t o  o b t a i n  a  one-term approximat ion 
t o  the  s o l u t i o n ,  a long  t h e  l i n e s  o f  Davies and T a y l o r ' s  s u c c e s s f u l  
s o l u t i o n  t o  t h e  problem of emptying tubes  (Ref 111-14) .  With such 
a s o l u t i o n  i t  i s  o f  cou r se  p o s s i b l e  t o  s a t i s f y  t h e  p r e s s u r e  condi-  
t i o n  (Eq [ IZI-461)  a t  o n l y  a  s i n g l e  p o i n t  on t h e  f r e e  s u r f a c e .  

R e s u l t s  of  t h e  computer program i n d i c a t e d  t h a t  t h e  one term 
approxiloation i s  much l e s s  s a t i s f a c t o r y  i n  t h i s  c a s e  t han  i n  t h e  
c a s e  i n v e s t i g a t e d  by Davies and T a y l o r ,  no doubt  because o f  t h e  
more complex geometry. I t  was imposs ib l e  t o  f i n d  any p o i n t  on t h e  
s u r f a c e  f o r  which t h e  p r e s s u r e  c o n d i t i o n  could be s a t i s f i e d  w i t h -  
o u t  producing a  g r o s s l y  e r roneous  p r e s s u r e  d i s t r i b u t i o n  over  t h e  
r e s t  of  t h e  s u r f a c e .  



The second approach taken  was t o  adapt  Mar t in  M a r i e t t a ' s  v e r -  
s i o n  of  t h e  Marker and C e l l  computation scheme t o  t h e  proble111 of  
l i q u i d  ou t f low from a  c y l i n d r i c a l  annulus  c lo sed  a t  one end. Th i s  
a d a p t a t i o n  c o n s i s t e d  p r i m a r i l y  o f  i n t r o d u c i n g  c o n c e n t r i c  c y i i n d r i -  
c a l  boundar ies  and a  calcul .a ted low Bond number i n i t i a l  i n t e r f a c e  
c o n f i g u r a t i o i i .  Thz Marker and C e l l  computer program e s s e n t i a l l y  
performs a numerical  experiment on t h e  d e s c r i b e d  system i n  a  man- 
n e r  desc r ibed  i n  some d e t a i l  i n  t h e  s e c t i o n  on p r o p e l l a n t  r e o r i e n -  
t a t i o n  ( S e c t i o n  C o f  t h i s  chap te r )  . C a l c u l a t i o n  o f  t h e  i n i t i a l  
i n t e r f a c e  i s  a l s o  desc r ibed  i n  t h I l t  s e c t i o n .  

P r o p e l l a n t  c o n f i g u r a t i o n  i n  t h e  annu lus ,  assuming no withdraw- 
a l  i n t o  t h e  s c r e e n  r e s e r v o i r ,  i s  shown i n  F ig .  111-33 f o r  a  few I 
o f  t h e  t ime s t e p s .  The c e n t r a l  "empty" c y l i n d e r  i s  5  i n .  i n  diam- I 

eter ,  and t h e  o u t e r  s c r e e n  boundary i s  8 ..n. i n  d i ame te r .  The 1 
t o p  of  t h e  l i q u i d  s u r f a c e  i s  i n i t i a l l y  p o s i t i o n e d  j u s t  below t h e  I I 
t o p  of t h i s  o u t e r  boundary. R e o r i e n t a t i o n  a c c e l e r a t i o n  was t aken  

1 

a s  0 .5  f t / s e c .  Computational  c e l l s  were 114 i n .  squa re .  I 

I 
For t h i s  c a s e ,  i t  was found t h a t  l i t t l e  d r a i n i n g  forward o u t  

I 

o f  t h e  a ~ n u l u s  had occur red  even a f t e r  0.35 s e c ,  a  t ime a t  which 1 

withdrawal  i n t o  t h e  r e s e r v o i r  would a c t u a l l y  have emptied t h e  an- 
n u l u s .  F o r  t h i s  r e a s o n ,  t h e  p o r t i o n  o f  t h e  a n a l y s i s  d e a l i n g  w i t h  
i n e r t i a l  d r a i n i n g  was not  pursued f u r t h e r .  

'% 
G. EXPULSION EFFICIENCY 

i 
? An a n a l y s i s  o f  tlie c a p i l l a r y  s y s  tem under s t e a d y - s t a t e  o u t -  

f low c o n d i t i c  1s was conducted t o  de te rmine  t h e  q u a n t i t y  o f  r e a i d -  
u a l  p rope l l  arit  a t  s c r e e n  l i n e r  breakdown. S ing le -phase  l i q u i d  
fzed cannot be a s su red  a f t e  - gas  has  p e n e t r a t e d  t h e  l i n e r .  Even 
though t h e  gas  on t h e  o u t l e t  s i d e  o f  t h e  l i r i e r  may n o t  be c a r r i e d  

. t o  t h e  o u t l e t  du r ing  t h e  burn per iod  i n  which tile l eakage  o c c u r s ,  
'b :: i t  could m i g r a t e  t o  t h e  o u t l e t  between burns  and b e  i n g e s t e d  du r -  
+ i11.g subsequent  burns .  I f  a l l  of  t he  p r o p e l l a n t  i n  t h e  bo'itom 

compartment i s  expe l l ed  b e f o r e  gas  p e n e t r a t i o n  t h e  expu l s ion  e f f i -  
c i e n c y  can be  c a l c u l a t e d  based upon geomet r ic  c o n s i d e r a t i o n s .  For  
t h e  des igns  shown i n  F ig .  11-4 and 11-6 ,  t h e  t rapped  l i q u i d  and 
the l i n e r  volume r e p r e s e n t s  l e s s  t han  0.5% o f  t h e  t o t a l  t ank  vo l -  
ume. 

i 
h 





(b) 0.150 sec , .  



Fig. 111-33 (cont) 
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(d) 0.303 s e c i  
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Flushing Annulus 

(e) 0.345 sec 



Flushing Annulus 

( 6 )  0.362 eec' 

Fig. 111-33 (concl) ' 



An a n a l y s i  
e r v o i r  was COII 

ma in ing  i n  t h e  
s i d e r e d  a r e :  

s o f  t h e  t e r m i n a l  d r a i n  c o n d i t i o n  f o r  t h e  lower  r e s -  
duc ted  t o  d e t e r m i n e  t h e  q u a n t i t y  o f  p r o p e l l a n t  r e -  

compartment  a t  l i n e r  breakdown. The v a r i a b l e s  con- 

where 

APB = breakdown p r e s s u r e ,  

APC = maximum c a p i l l a r y  r e t e n t i o n  p r e s s u r e ,  

% = h y d r o s t a t i c  head p r e s s u r e ,  

APV = v e l o c i t y  head i n  a n n u l u s ,  

AP = p r e s s u r e  d r o p  i n  a n n u l u s  due t o  o u t f l o w ,  
f 1 

aP = p r e s s u r e  d r o p  a c r o s s  s c r e e n  l i n e r  ( i n c l u d e s  e n t r a n c e  
f, and e x i t  l o s s e s )  , 

P  = u l l a g e  p r e s s u r e ,  
u  

P = minimum exposed a n n u l u s  l i q u i d  p r e s s u r e .  
a  

For  a  po ; i t ive  g  f i e l d  d r a i n i n g  c o n d i t i o n  s e v e r a l  v a r i a b l e s  
d r o p  o u t  o f  t h e  a n a l y s i s ,  namely,  t h e  LPV and AP terms. F o r  t h e  

f ,  -* 
t e r m i n a l  c o n d i t i o n  t h e  l i q u i d  i n t e r f a c e  w i l l  b e  a s  shown on F i g .  
11-17 .  F o r  a  w o r s t - c a s e  assumpt ion  t h a t  t h e r e  i s  no : . e s s u r e  g r a -  
d i e n t  i n  t h e  a n n u l u s  ( i .  e . ,  f l o w  p e r  u n i t  a r e a  o f  covered  s c r e e n  
i s  c o n s t a n t )  t h e  s t a b i l i t y  i s  d e f i n e d  a s :  

Based oil t h e  p r e s s u r e  d r o p  d a t a  p r e s e n t e d  i n  Appendix B and t h e  
g e o m e t r i e s  o f  F i g .  11-4 and 11-6, t h e  l i n e r  r e t e n t i o n  p r e s s u r e  r e -  
q l l i r ed  (P - P ) t o  e x p e l 1  a l l  o f  t h e  p r o p a l l a n t  d o e s  n o t  exceed 

11 a 
t h e  c a p i l l a r y  r e t e n t i o n  c a p a b i l i t y .  T h e r e f o r e  t h e  e x p u l s i o n  e f f i -  
c i e n c y  of t h e  d e v i c e  would b e  99.5% o r  g r e a t e r  depend ing  o n  t h e  
volume of l i q u i d  e x p e l l e d  from t h e  l i n e r .  

\'1 
't . 

I q 
1 
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S c a l e d  d r a i n i n g  t e s t s  were n o t  conducted  t o  p r o v i d e  exper imen-  
t a l  v e r i f i c a t i o n  o f  t h e  sys tem pr r fo rmance .  To s i m u l a t e  t h e  hydro-  
s t a t i c  and v i s c c u s  heads  would r e q u i r e  s c a l e d  o u t f l o w  t e s t i n g  i n  
a n  i n c r e a s e d  a c c e l e r a t i o n  envi ronment .  While t h i s  i s  p o s s i b l e  by 
c e n t r i f u g e  t e s t i n g  i t  was n o t  c o n s i d e r e d  n e c e s s a r y  f o r  a  h i g h  con-  
f i d e n c e  d e s i g n .  Both  t h e  r e t e n t i o n  c a p a b i l i t y  o f  t h e  l i n e r  and 
t he  v i s c o u s  f low l o s s e s  f o r  t h e  c a p i l l a r y  l i n e r  m a t e r i a l  have been 
v e r i f i e d  t h r o u g h  t e s t i n g .  These  d a t a  p e r m i t  r e a d y  c a l c u l a t i o n  o f  
t h e  p o s i t i v e  g  f i e l d  d r a i n i n g  c a p a b i l i t y .  

Demons t ra t ion  o u t f l o w  t e s t s  were conducted  u s i n g  e t h a n o l  i n  
t h e  1 / 5 - s c a l e  p l e x i g l a s s  t a n k  and s c r e e n  l i n e r  i n  b o t h  a  p o s i t i v e  
and n e g a t i v e  one-g o r i e n t a t i o n  f o r  v o l u m e t r i c  f low r a t e s  o f  up t o  
1 /8  t h e  p r o t o t y p e  o u t f l o w s  (maximum t e s t  s e t u p  c a p a b i l i t y )  w i t h o u t  
any p remature  breakdown. E x p u l s i o n  e f f i c i e n c y  from t h e  l i n e d  v o l -  
ume was n e a r  100% (i. e . ,  no measurab le  l i q u i d  volume was l e f t  w i t h -  
i n  t h e  l i n e r )  f o r  a l l  t h e  t e s t  c a s e s .  

An a n a l y s i s  o f  d r o p o u t  due t o  d r a i n i n g  f o r  t h e  c a p i l l a r y  l i n e r  
was n o t  a t t e m p t e d  because of the complexity and experimental nature 
o f  che problem. However d r a i n i n g  t e s t s  conducted  under s c a l e d  
o u t f l o w  c o n d i t i o n s  demons t ra ted  t h a t  d r o p o u t  o r  g a s  i n g e s t i o n  due  
t o  c o r i n g  was n o t  a  problem f o r  t h e  proposed d e s i g n .  These  t e s t s  
a r e  d i s c u s s e d  below w i t h  r e s u l t s - o f  a  t y p i c a l  o u t f l o w  shown i n  
F i g .  111-34. 

I n  d e t e r m i n i n g  t a n k  d r a i n i n g  d r o p o u t ,  f o u r  p r imary  c o n s i d e r a -  
t i o n s  must be  i n c l u d e d :  

1 )  A c c e l e r a t i o n  envi ronment ;  

2) Tank geometry ,  i . e . ,  s h a p e ,  o u t l e t  l o c a t i o n ,  and con- 
f i g u r a t i o n  r a t i o  o f  t a n k  c h a r a c t e r i s t i c  d imens ion  t o  
o u t l c t  d imens ion ;  

3) L i q u i d  i n t e r f a c e  v e l o c i t y ;  

4) L i q u i d  p h y s i c a l  p r o p e r t i e s  ( v i s c o s i t y ,  d e n s i t y ,  and 
s u r f a c e  t e n s i o n ) .  b - 

. . 
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quid Leve l  abcve Liner ,  0.32 s e c  after (b) Lfquid i n  L i n e r  Nearly Depleted,  No L 
t f l o w  I n i t i a t i o n ,  T e s t  3 Breakdown, 0 . 4 3  a f t e r -  0 u t f  low 1nitj-at 

, i n e r  
i o n ,  

Annulus 
T e s t  3 

(c) Liquid i n  L i n e r  Depleted,  L i n e r  Breakdown j u s t  
I n i t i a t e d  as Shown by Bubbles i n  Annulus 

F igure  111-34 Screen L i n e r  Outflow Sequence 



I n  the  model t e s t i n g  conducted, t h e  model and prototype maintain 
geometric s i m i l i t u d e ,  t h e  a c c e l e r a t i o n  environments a t  t h e  termi-  
n a l  d r a i n  c o n d i t i o n  a r e  s i m i l a r  (0.94 g  versus  1 g) . Therefore ,  
a  reasonable  approach t o  experimental  v e r i f i c a t i o n  seems t o  be t o  
use the  pro to type  p r o p e l l a n t s  and s c a l e  the  model t o  s imula te  t h e  
same l i q u i d  i n t e r f a c e  v e l o c i t y  dur ing  l i q u i d  d r a i n i n g ,  Since t h e  
test  model m a t e r i a l s  of c o n s t r u c t l a n  were not  compatible wi th  t h e  
p r o p e l l a n t s ,  a  s imulant  f l u i d ,  e t h a n o l ,  was requi red .  However, 
t h i s  i s  not  a  severe  l i m i t a t i o n  s i n c e  i n s p e c t i o n  o f  the outf low 
problem i n d i c a t e s  t h a t  f o r  the  high Reynolds number involved i n  
flow a c r o s s  the  l i n e r  (>>500) and the  high sys tem Bond number 
(>1000), t h e  t e s t  l i q u i d  phys ica l  p r o p e r t i e s  a r e  not  important 
parameters i n  the  s ~ m u l a t i o n .  

To maintain t h e  same average l i q u i d  i n t e r f a c e  v e l o c i t y  r e q u i r e s  
s c a l i n g  t o  a n  equ iva len t  flow per  u n i t  a r e a  between the  pro to type  
and the  model. Therefore ,  f o r  t h e  115-scale  model the  flow r a t e  
would be 1 /25  of  t h e  pro to type  o r  about 0.018 f t3 / sec .  Model ou t -  
f low t e s t s  were conducted t o  flow r a t e s  o f  0.05 f t 3 / s e c  ( t h e  maxi- 
mum c a p a b i l i t y  of  t h e  t e s t  setup)  without  any gas i n g e s t i o n  i n t o  
t h e  l i n e r  before  complete d r a i n i n g  of t h e  f l u i d  i n  the  l i n e r  r e s -  
e r v o i r .  

H. COVERPLATE DRAINING 

P r o p e l l a n t  outf low c h a r a c t e r i s  t i c s  through an a c q u i s i t i o n  de-  
v i c e  a r e  important  from t h e  s t andpo in t  of  gas - f ree  p rope l l an t  wi th-  
drawal and expuls ion  e f f i c i e n c y .  Liquid d r a i n i n g  r a t e s  from t h e  
va r ious  compartments formed by t h e  dev ic  must be l a r g e  enough t o  
d e p l e t e  a l l  upstream compartments before  t h e  o u t l e t  compartment 
i s  deple ted .  Compiete d r a i n i n g  o f  the  proposed no-hardware-modi- 
f i c a  t i o n  s y s  tem was i n v e s t i g a t e d  experimental ly  us ing  a  115-scale  
model. A computer program d e s c r i b i n g  t h e  outflow c h a r a c t e r i s t i c s  
was used t o  p r e d i c t  f u l l - s c a l e  performance of  the  prototype sys-  
tems. The computed r e s u l t s  f o r  t h e  model were f i r s t  compared t o  
t h e  experimental  r e s u l t s  us ing  e thano l  a s  t h e  working f l u i d .  



The program looks a t  the  flow c h a r a c t e r i s t i c s  i n  each of  the  
two conica l  coverp la tes  i n  terms o f  l i q u i d  and u l l a g e  gas v e l o c i -  
t i e s ;  p ressu re  drop a c r o s s  the  d - ~ u b l e  pe r fo ra ted  p l a t e  and sc reen  
s e c t i o n s ;  and both gas and l i q u i d  volumetr ic  flow r a t e s  through 
the  coverp la tes .  The a c q u i s i t i o n  device  i s  divided i n t o  f i v e  com- 
partments ,  i . e , ,  3 ,  5 ,  7 ,  4 ,  and G (Fig.  111-35). The volume i n  
each compartment i s  determined a s  a  func t iun  of time based on a  
cons tan t  l i q u i d  withdrawal r a t e .  A n a l y t i c a l  and model outf low r e -  
s ~ l t s  a r e  compared i n  F i g .  111-36, The l i q u i d  he igh t  va lues ,  h2, 
h,, and h4, p e r t a i n  t o  t h e  volumes above t h e  top coverp la te ,  be- 
tween t h e  two con ica l  p l a t e s ,  and below the  bottom p l a t e ,  respec-  
t i v e l y .  The predic ted  r e s u l t s  a r e  somewhat conse rva t ive  because 
t h e  computcd l i q u i d  l e v e l s  a r e  above those determined experimen- 
t a l l y ,  One except ion  i s  t h e  l e v e l  i n  t h e  o u t l e t  compartment, com- 
partment 6 ,  i n  F ig .  211-35, where b e t t e r  agreement was achieved. 
Draining o f  the  var ious  compartments was demonstrated experimen- 
t a i i y  us ing  t h e  1 / 5 - s c a l e  model, Enlarged p i c t u r e s  taken from 16 
mm f i lm used t o  document the  out f low t e s t s  show the  l i q u i d  l e v e l  
i n  the var ious  compartments dur ing  out f low,  F ig .  111-37. A s  shown, 
s a t i s f a c t o r y  d r a i n i n g  of  a l l  compartments p r i o r  t o  o u t l e t  compart- 
ment d e p l e t i o n  was achieved. The p lea ted  screen  l i n e r  was not  
used dur ing  t h e  t e s t s  and was no t  considered i n  t h e  a n a l y s i s  be- 
cause i t  does n o t  have any a f f e c t  on t h e  coverp la te  d r a i n i n g  r e -  
s u l t s .  

Flow l o s s e s  i n  the  coverp la te  sc reens  were determined using 
t h e  approach preaented by Armour and Cannon ( s e e  Appendix B ) .  The 
double pe r fo ra ted  p l a t e  a r e a s  were t r e a t e d  a s  o r i f i c e s .  Incom- 
p r e s s i b l e  flow equat ions  were used t o  d e s c r i b e  the  gas  flow char-  
a c t e r i s t i c s  through these  a reas .  The i n i t i a l  l i q u i d  l e v e l  a t  time 
= O was s e t  a t  t h e  junc t ion  of  pe r fo ra ted  p l a t e  and Dutch t w i l l  
sc reen  i n  the  top  coverp la te .  The per fo ra ted  p l a t e  was assumed 
wet o f f e r i n g  an i n i t i a l  p ressu re  r e t e n t i o n  value equal  t o  the  
bubble poin t .  A l l  flow from compartment 2 under t h i s  cond i t ion  
i s  through the  screen .  During out f low,  t h e  AP ac ross  t h e  screen  
exceeded t h e  bubble p o i n t  of t h e  double pe r fo ra ted  p l a t e  i n  l e s s  
than  0 ,01  s e c  under s t e a d y - s t a t e  outf low condi t ions .  Once the  
pe r fo ra ted  p l a t e s  break down, i . e . ,  C\T! = bubble p o i n t ,  t h . ~  pres-  
s u r e  r e t e n t i o n  c a p a b i l i t y  waL assumed t o  be zero .  Laboratory 
t e s t s  supported t h i s  assumption. O r i f i c e  f low.  theory was then 
used t;s compute u l l age  g,?s flow through t h e  double pe r fo ra ted  
p l a t e .  An o v e r a l l  flow c o e f f i c i e n t  of  0.03 was used t o  o b t a i n  
t h z  curves shown i n  Fig.  111-36. 
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Fig. 111-35 Dimension Identification for Coverplate Outflow Characteristic Analysis 



- 
Time (sec) 

Fig. 111-36 Analytical and Experimental Results Comparison 
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(a) L i q u i d  above Both B a r r i e r s  
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(b) L l q u i d  Dra ined  from above Top B a r r i e r  

(c) L i q u i d  L e v e l  - of  Lower Barr  -2s 

F i g .  111-37 C a p i l l a r y  Compartme; 3 i n i n g  Sequence from Test 1 2  



(d) L i q u i d  L e v e l  below Bottcm B a r r L e r  

+r 

A. _____1_1 

(e) L i q u i d  L e v e l  E n t e r i n g  O l l t l e t  a t  Bottom 
% ( ~ o t e  comple te  d r a i n a g e  from b o t h  b a r r i e r s , )  

F i g .  111-37 (conc l )  



The h y d r o s t a t i c  head used to  c a l c u l a t e  the  d r i v i n g  p o t e n t i a l  
f o r  flow through the  Dutch t w i l l  s c reen  was taken a s  the  d i f f e r e n c e  
i n  l i q u i d  h e i g h t s  between ad jacen? compartments. C h a r a c t e r i s t i c  
curves f o r  the  f u l l - s c a l e  system using both f u e l  and o x i d i z e r  
p r o p e l l a n t s  (presented  i n  F ig .  11-15) show t h a t  the  upper com- 
partment i n  the  device  d r a i n s  completely before  the  o u t l e t  com- 
partment i s  dep le ted ,  achieving  maximum expuls ion  e f f i c i e n c y .  
Outflow r a t e s  of  39.26 and 24.54 1b sec  f o r  o x i d i z e r  and f u e l ,  

m / 
r e s p e c t i v e l y ,  were used i n  t h e  a n a l y s i s .  Ullage gas  was helium 
a t  175 p s i a  and 530°R. Both upper and lower coverp la tes  conta in  
30x250 mesh Dutch twil.1 weave screen supported by pe r fo ra ted  p l a t e  
i n  the  a r e a  between Rg and the  tank wall and two pe r fo ra ted  p l a t e s  
spaced b a  pore diameter (0.013-in.) a p a r t  i n  t h e  a r e a s  between 
R, and %. The pe r fo ra ted  p l a t e  used f o r  both  t h e  screen  backing 
and i n  the  double pla t e  a r e a  contained 0  .b26-in .-diameter pores  
i n  a  60 deg a r r a y  forming an open a r e a  r a t i o  of  0.33, P l a t e  ma- 
t e r i a l  i s  300 s e r i e s  s t a i n l e s s  s t e e l  0.020-in. th i ck .  The base 
cone angle  o f  both c o v e r p l a t e s  i n  t h e  model i s  20 deg. I n  the 
pro to type ,  t h e  base ang le  of  t h e  upper coverp la te  i s  a l s o  20 deg, 
but  t h i s  ang le  i n  t h e  lower p l a t e  was reduced t o  10 deg t o  pro- 
v i d e  a  more d e s i r a b l e  geometry f o r  low negat ive-g l iquid-vapor  
i n t e r f a c e  formation d e s i r e d  t o  feed t h e  annulus.  The reduced 
ang le  has some e f f e c t  on t h e  s t e a d y - s t a t e  outf low c h a r a c t e r i s -  
r i c s  of t h e  system, but  i s  i n s i g n i f i c a n t  wi th  r e sepec t  t o  upper 
compartment d r a i n i n g .  The shape of t h e  l i q u i d  l e v e l  v s  time 
curve (hg i n  F ig .  11-15) does not have t h e  sharp  break presented 
i n  the  model outf low c a l c u l a t e d  curves.  A smoother t r a n s i t i o n  
as the l e v e l  passes  from compartment 5 t o  7 i s  obta ined  w i t h  the  
cone base a n g l e  redu:. t i o n .  As previous ly  s t a t e d ,  complete upper 
compartment d r a i n i n g  precedes o u t l e t  compartment d e p l e t i o n .  

I. COMPARTMENT REFILL CONSIDERATIONS 

A l l  c a p i l l a r y  a c q u i s i t i o n  dev ices  have t h e  p o t e n t i a l  of u l -  
l age  gas i n g e s t i o n  depending on the mission a c c e l e r a t i o n  p r o f i l e .  
R e f i l l i n g  t h e  device  i s  of prime concern i f  gas  i n g e s t i o n  does 
occur .  In  t h e  c a p i l l a r y  system suggested f o r  r e t r o f i t  i n  t h e  

oP 
P SP3 tankage, g a s  i n g e s t i o n  i n t o  t h e  upper compartment can be 1 

I a n t i c i p a t e d  dur ing  shor t -dura t ion  burns.  F i r i n g s  of  1-sec dura- 
a t i o n  da not  permit enough-time t o  adequately se t t le  the  pro- 

' "I 
t 

p e l l a n t s  a g a i n s t  the t o p  ~ o v e r p l a ~ t e .  Some r e f i l l i n g  may r e s u l t  ?, 

t %; from the  dynamic e f f e c t s  of  r e l a t i v e  motion between l i q u i d  and 
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t a n k  unde r  t h i s  c o n d i t i o n ,  b u t  b u r n  p e r i o d s  o f  l o n g e r  d u r a t i o n  
a r e  r e q u i r e d  f o r  s u b s t a n t i a l  r e f i l l i n g .  R e f i l l i n g  t h e  volume be-  
low t h e  coverpl-a  t e s  i n  t h e  s u g g e s t e d  c o n f i g u r a t i o n  i s  a c h i e v e d  
when l i q u i d  e n t e r s  t h e  compartment under  s u f f i c i e n t  h y d r o s t a t i c  
head t o  r a i s e  t h e  g a s  p r e s s u r e  i n  t h e  compartment t o  a  l e v e l  
which  e x c e e d s  t h e  b u b b l e  p o i n t  o f  t h e  doub le  p e r f o r a t e d  p l a t e  n e a r  
t h e  c e n t e r  o f  t h e  c o v e r p l a t e  cone .  When t h e  p r e s s u r e  e x c e e d s  t h e  
b u b b l e  p o i n t ,  g a s  i s  e x p e l l e d  fro!n t h e  compartment through t h e  
d o u b l e  p e r f o r a t e d  p l a t e  i n t o  t h e  bulk l i q u i d  a b o v e .  The maximum 
r e f i l l  h e i g h t  i s  a  f u n c t i o n  of t h e  p o s i t i v e  a c c e l e r a t i o n  magni tude  
a n d  t h e  l i q u i d  head d i f f e r e n c e  between t h e  compartments  above and 
b e 1 . c ~  t h e  s c r e e n .  The maximum head d i f f e r e n c e  i s  t h e  p r o d u c t  o f  
t h e  r a d i i  d i f f e r e n c e  (Rg - R6 i n  F i g .  111-35) and t h e  t a n g e n t  o f  
t h e  c o v e r p l a t e  cone  base  a n g l e .  The head d i f f e r e n c e  a s  a f u n c t i o n  
o f  p c ; s i t i v e  a c c e L e r a t i o n  magni tude  p r e s e n t e d  i n  F i g .  111-38 and 
111-39 r e p r e s e n t  t h e  maximum r e f i l l  h e i g h t s  a c h i e v a b l e  f o r  f u e l  
a n d  o x i d i z e r ,  r e s p e c t i v e l y ,  i n  t h e  f u l l  s i z e  sys tem.  R e f i l l  o f  
t h e  o x i d i z e r  sys tem i s  more comple te  t h a n  i n  t h e  f u e l  sys tem be- 
c a u s e  of  t h e  h i g h e r  k i n e m a t i c  s u r f a c e  t e n s i o n  o f  t h e  f u e l .  

l' 
R e f i l l  r a t e s  as  f u n c t i o n  of  t ime and a c c e l e r a t i o n  l e v e l  f o r  I 

A-50 and N204 i n  t h e  f u l l  s c a l e  t a n k  a r e  p r e s e n t e d  i n  F i g .  11-16 I 

a n d  11-17. These c u r v e s  r e s u l t e d  from c a l c u l a t i o n s  based on t h e  
Eol lowing condi  ' i o n s :  

1 

1 ) .  A t  t ime  = 0 ,  t h e  b u l k  l i q u i d  l e v e l  h a s  been s e t t l e d  
on t h e  t o p  c o v e r p l a t e ;  

2 )  Bulk, l i q u i d  c o m p l e t e l y  c o v e r s  t h e  t o p  p l a t e ;  1 I 
3 )  The l i q u i d  l e v e l  i n  t h e  compartment below t h e  t c p  

c o v e r p l a t e  i s  l o c a t e d  ha l f -way  between t h e  two p l a t e s ;  

) Compression of  t h e  g a s  between t h e  p l a t e s  i s  i s o t h e r -  
mal .  

A l l  t h e  r e f i l l  r a t e n  c a l c u l a t e d  aL p o s i t i v e  a c c e l e r a t i o n s  o f  
0' .5,  0.6, and  0 .7  g  reached  a s t e a d y - s t a t e ,  v a l u e  i n  l e s s  t h a n  1 0  
msec .  Al though t h e  valcres pi-esetited a r e  f o r  a  s p e c i f i c  c a s e ,  a  
s i m i l a r  r e s u l t  would be e x p e c t e d  o v e r  a  wide r a n g e  o f  i n i t i a l  con- 
d i t i o n s .  The s t e a d y - s t a t e  v a l u e s  would n o t  change u n t i l  t h e  r e -  
f i l l i n g  l i q u i d  l e v e l  r e a c h e s  t h e  b a s e  of t h e  c o v e r p l a t e  cone .  A s  

I t h e  l e v e l  i n c r e a s e s  above t h i s  p o i n t ,  t h e  d r i v i n g  p o t e n t i a l  which  
c a u s e s  l i q u i d  f low th rough  t h e  s c r e e n  d e c r e a s e s  a s  t h e  h y d r o s t a t i c  
h e a d  d e c r e a s e s .  The r e f i l l  r a t e  t h e n  d e c r e a s e s  w i t h  i n c r e a s e d  h  
and  a p p r o a c h e s  z e r o  a s  h  a p p r o a c h e s  t h e  maximum h e i g h t s  p r e s e n t e d  
i n  F i g .  111-38 and 111-39. T r a n s i e n t  c o n d i t i o n s  d u r i n g  i n g e s t e d  
g a s  p r e s s u r e  b u i l d - u p  a r e  a l so  volume dependen t .  



L i q u i d  

t e d  P l a t e  



r P e r f  orated Plate 

Acceleration (8) 



A s  t h e  i n g e s t e d  gas  volume i n c r e a s e s ,  t h e  time f o r  p r e s s u r e  b u i l d -  
tip t o  r e a c h  t h e  bubble p o i n t  o f  t he  double  p e r f o r a t e d  p l a t e  a l s b  
i n c r e a s e s  because the  r e f i l l i n g  l i q u i d  Elowrate i s  e s s e n t i a l l y  
c o n s t a n t  a t  c o n s t a n t  a c c e l e r a t i o n  i f  t h e  g a s  volume i s  g r e a t e r  
than t h e  cove rp l a  t e  cone volume. 

T h i s  s e t  o f  curves  show t h a t  t he  a c q u i s i t i o n  dev i ce  does  have 
t . 1 ~  c a p a b i l i t y  o f  r e f i l l i n g .  R e f i l l i n g  p o t e n t i a l  was a l s o  demon- 
s t r a t e d  du r ing  t he  115 - sca l e  model t e s t s  u s ing  e t h a n o l  a s  the  work- 
i n g  f l u i d  a t  1 g ( P i g .  111-23). 4 s  s t a t e d  p r e v i o u s l y ,  t h e  r e f i l l  
r a t e  o f  t h i s  d e v i c e  i s  a  f u n c t i o n  of  t he  i n g e s t e d  g a s  volume, 
p o s i t i v e  a c c e l e r a t i o n  l e v e l ,  and t h e  p r o p e l l a n t  p r o p e r t i e s .  For 
t h e  c o n d i t i o n s  used i n  t h e  c a l c u l a t i o n s ,  r e f i l l  r a t e s  peak-out 
r a p i d l y  a f t e r  adequa te  r e s e t t l i n g .  Using a  r e s e t t l e  time of 2 
sec  a t  a n  a c c e l e r a t i o n  o f  0.5-g, a  10-sec  burn would prov ide  r e -  
f i l l  t o  accommodate f i v e  1 - see  burns  assuming complete i n g e s t i o n  
w i th  no r e f i l l  du r ing  t h e  s h o r t - d u r a t i o n  bu rns ,  



IV. CQNCLUS IONS 

The propellant management system designs shown in Fig. 11-4 and 
11-6 are capable of meeting the propulsion system requirements 
as outlined in Table 1-1, 

The no-hardware-modification design can be retrofitted into the 
existing Apollo tankage as presented in Fig. 1-1. 

The no-hardware-modification design meets the Priority I and 
Priority I1 system design goals as presented in Table 1-2 with 
the exception of weight o f  19 lb/tank as opposed to the goal 
of 10 lb/tank. 

@ The no-hardware-limitation design meets all the design goals 
presented in Table 1-2 with the exception of the 11 lb/tenk 
weight and the no-hardware-change goal (Priority 11, No. 3) 
w5ich does not apply for this design. 
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APPENDIX A 

NOMENCLATURE 



NOME NC LATURE 

a A c c e l e r a t i o n  

Bo Nondimensional Bond number 

D d i ame te r  

g  a c c e l e r a t i o n  ( t h r u s t l w e i g h t )  

g c 
g r a v i t a t i o n a l  c o n s t a n t  (32 .2  ftIsec2) 

h  , d i s t a n c e  

L c h a r a c t e r i s  t i c  d imension 

' 0 voluirietr ic flow r a t e  

r , R  r a d i u s  

Re nondimensional  Reynolds number 

s s a f e t y  f a c t o r  

v v e l o c i t y  . . 
v a c c e l e r a t i o n  

We nondimensional  Weber number 

nondiinensional modif ied Weber number 

X l i q u i d  c o l l e c t i o n  r a t e ,  q u a n t i t y l t i m e  

z d i s t a n c e  

Z d imens ion le s s  r e t e n t i o n  s t a b i l i t y  parameter  

AY d i f f e r e n t i a l  p r e s s u r e  

@ k i n e m a t i c  s u r f a c e  t e n s i o n  

6 l i q u i d  f i l m  t h i c k n 6 s s  

I-L microns 

P d e n s i t y  

a' s u r f a c e  t e n s i o n  



c r i t  

SUBSCRIPT 

annulus  

breakdown va lue  

maximum 

c r i t i c a l  v a l u e  

v i s c o u s  l o s s  i n  annulus  

v i s c o u s  l o s s  a c r o s s  l i n e r  

h y d r o s t a t i c  head 

l i q u i d  

model 

pore  

p ro to type  

u l l a g e  

v e l o c i t y  head 





- - 
complex weaves o f t e n  r e q u i r e d  i n  t h e  d e s i g n  of  c a p i l l a r y  e x p u l s i o n  
sys tems.  Armour and Cannon,k expand ing  on t h e  work of  Ingenson ,  
e t  a l .  h a v e  a d a p t e d  a  packec? bed model t o  d e v e l o p  a  g e n e r a l  c o r -  
r e - a t i o n  a p p l i c a b l e  t o  t h e  f low of Newtonian f l u i d s  t h r o u g h  a l l  
types  of  woven m e t a l  s c r e e n .  The r e s u l t  of t h e  a n a l y s i s  y i e l d s  
a s c r e e n  f r i c t i o n  f a c t o r  t h a t  i s  d e f i n e d  a s  a  f u n c t i o n  of a  s c r e e n  
Reynolds number. The form of f i n a l  e q u a t i o n  i s  

a 
f = -  + B 

N ~ e  

f  = f r i c t i o n  f a c t o r  = AP EC 

LP u 

N ~ e  
= Reynolds Number = 

P ~ D  

a = Viscous  r e s i s t a n c e  c o e f f i c i e n t  , 

f3 = I n e r t i a l  r e s i s t a n c e  c o e f f i c i e n t ,  

Ap = S c r e e n  p r e s s u r e  d r o p  
5 

X 
gc = G r a v i t a t i o n a l  c o n v e r s i o n  c o n s t a n t ,  F 

D = S c r e e n  p o r e  diameter, i. 

L = F l u i d  p a t h  l e n g t h  = QB, 

u = F l u i d  approach  v e l o c i t y ,  I 

c a  = S u r f a c e  a r e a  t o  u n i t  volume r a t i o  of s c r e e n ,  

- 
6 

A d "  * J. C .  Armour and J. N. Cannon: "F lu id  Flow Through Woven 
Screens- ,  " kIChE J o u r n a l .  May 1968, -- 

1 

, 

F" 
' /  



E = Screen  volume void  f r a c t i o n ,  

y = F l u i d  v i s c o s i t y ,  

I p = F l u i d  d e n s i t y ,  

I B = Screen t h i c k n e s s ,  

Q = T o r t u o s i t y  f a c t o r  t o  y i e l d  e f f e c t i v e  f l u i d  pa th  
l e n g t h  f o r  complex weaves. 2 i s  1 f o r  r ec t ang -  
u l a r  weave, 1 . 3  f o r  du t ch  weave. 

Values of a and  /3 were ob ta ined  by Armour and Cannon from non- 
l i n e a r ,  l eas t  squa re s ,  r e g r e s s i o n  a n a l y s i s  of p r e s s u r e  drop  v s  
v e l o c i t y  d a t a  c o l l e c t e d  f o r  n i t r o g e n  over  a v e l o c i t y  range of 
0 .1  t o  30 ft,!sec., The v a l u e s  of a and f3 a r e  8 .61 and 0 .52,  r e -  
s p e c t i v e l y .  ' theref  o r e  Eq [B-1) becomes: 

F i g u r e  B-1 i s  a p l o t  of Eq [B-21 t q g e t h e r  w i t h  t h e  d a t a  p o i n t s  
f o r  1 8  s c r e e n s  r e p r e s e n t i n g  f i v e  waave t y p s  t h a t  were t h e  b a s i s  
of t h e  c o r r e l a t i o n .  To f u r t h e r  v a l i d a t e  t h e  c o r r e l a t i o n ,  t h e  
d a t a  of Ingmanson and Amneus f o r  f low of w a t e r  through f o u r d r i n i e r  
screens were p l o t t c d  i n  accordance w i t h  t h e  model. These d a t a  
a long  w i t h  a d d i t i o n a l  d a t a  c o l l e c t e d  by Armour and Cannon f o r  
helium flow through p l a i n  Dutch and t w i l l e d  Dutch s c r e e n s  i s  
shown i n .  F i g ,  B-2, Even though t h e  bu lk  of  t h e  w a t e r  d a t a  of 
Ingrnanson ex t ends  t h e  Reynolds number range  an o r d e r  of magnitude 
beyond t h a t  u sea  f o r  t h e  c ~ t r r e l a t i o n ,  F i g .  B-1,  t h e  agreement i s  
q u i t e  good, I n  f a c t  r e g r e s s i o n  a n a l y s i s  a p p l i e d  t o  a combinat ion 
of t h e  n i t r o g e n  and water d a t a  a l t e r e d  t h e  v a l u e s  of a! and f3 by 
l e s s  t han  1 and 4%, r e s p e c t i v e l y .  The range  f o r  a p p l i c a t i o n  of 
t h i s  c o r r e l a t i o n  t h a t  is  sugges ted  by t h e  a u t h o r s  i s  Rleynolds 
number of 0 . 1  t o  1000, vo id  f r a c t i o n s  from 0.35 t o  0.76, s c r e e n  
pore d i ame te r s  from 5  t o  550 microns ,  mesh s i z e s  from 30 t o  2400 - - 

w i r e s l i n . ,  and s u r f a c e  a r e a - t o - u n i t  volume r a t i o s  from 1200 t o  
29,000 ft".  







F o r  most e x p u l s i o n  system a p p l i c a t i o n s ,  o n l y  t h e  v e r y  smal l  
Reynolds number range is of i n t e r e s t ,  0 .01  t o  10 .  While Amour 
and Cannon sugges t  a usab le  Reynolds number f o r  t h e i r  c o r r e l a t i o n  
down t o  0.1, as F i g .  B - 1  and B-2 show, no d a t a  a r e  p re sen ted  be- 
low a NRU of 0.2 and l i t t l e  d a t a  a r e  g iven  below a v a l u e  of 1, To 

b e t t e r  d e f i n e  t h e  low flow v e l o c i t y  regime, p r e s s u r e  drop  t e s t s  
were conducted under RA 631. The f low t e s t  se t  u p  i s  shown i n  
F ig .  B-3 w i t h  the s c r e e n  t e s t  specimens p re sen ted  i.n Table  B-1.  n 

, A p l o t  of t h e s e  d a t a  a long  w i t h  Eq [B-21 i s  p re sen ted  i n  F ig .  B-4. 
Although t h e r e  is  c o n s i d e r a b l e  d a t a  s c a t t e r ,  t h e  c o r r e l a t i o n  ap- 
p e a r s  v a l i d  f o r  t h e  low Reynolds number regime ( t o  0.03). An er- 
r o r  a n a l y s i s  was n o t  performed on t h e  d a b ;  however, i t  is be- 
l i e v e d  t h a t  t h e  i r . a ccu rc - i e s  i n  measuring t h e  small p r e s s u r e  drops  
c o n t r i b u t e d  s i g n i f i c a n t i y  t o  t h e  d a t a  s c a t t e r .  

Table  B-1 Screen  T e s t  Specimens 

I 

n 

Screen  No. 

1 

2 

3 

4 

5 

Manometer 
G N 2  

C 

Pressure Regulator I 

Control Valve Control Valve , 

0 

Test Sechion 

3 

Fig, 8-3 Test Setup Schematic 

C 

A l l  specimens of s t a i n l e s s  s t e e l ,  
L 

Weave 

Dutch-Twill 

Dutch-Twill 

Dutch-Twill 

Dutch-Twill 

Square Weave 

Mesh S i z e  
L-, 

325 x 2300 

200 x 1400 

250 x 1375 

165 x 800 

100 



Plain Square 
X 200 x 200 (A-50) 
+ 100 x 100 ( l i p )  

Twilled Dutch 
0 325 x 2300 (CH30H & H20) 
0 250 x 1375 I I 

A 200 x 1400 I I 

O 165 x 800 II 

REYNOLDS NUMBER 
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